Introduction {#s1}
============

In interphase cells, proteins and RNAs migrate into and out of the nuclei through the central channels of the nuclear pore complexes (NPC) embedded in the nuclear envelope. These nuclear pores are lined with FG-repeat domains that constitute a permeability barrier, and only macromolecules that reversibly interact with the FG-repeats can permeate this barrier ([@bib52]). One such group of proteins, the importin (Imp)-β family proteins, are nucleocytoplasmic transport receptors (NTRs) that primarily carry nuclear proteins and small RNAs as their cargoes through the nuclear pores, although non-importin family NTRs also act depending on the cargo and physiological conditions ([@bib30]; [@bib36]; [@bib72]). The human genome encodes 20 species of Imp-β family NTRs, of which 10 \[Imp-β, transportin (Trn)-1, -2, -SR (-3), Imp-4, -5 (RanBP5), -7, -8, -9, and -11\] are nuclear import receptors, 7 \[exportin (Exp)-1 (CRM1), -2 (CAS/CSE1L), -5, -6, -7, -t, and RanBP17\] are export receptors, 2 (Imp-13 and Exp-4) are bi-directional receptors, and the function of RanBP6 is undetermined ([@bib24]). These NTRs constitute multiple parallel transport pathways. The basic mechanism of directional transport was elucidated in the early years ([@bib12]), but even today, the number of NTR-specific cargoes that has been reported is surprisingly small, hindering a biological understanding of the nucleocytoplasmic transport system.

NTRs are thought to transport specific cohorts of cargoes by binding to specific sites on those cargoes ([@bib7]), but the consensus structures of the NTR-binding sites have been established for only a few NTRs ([@bib55]) as follows: the classical nuclear localization signal (cNLS) for the Imp-α family adapters, which connects Imp-β and cargoes ([@bib31]); PY-NLS for Trn-1 and -2 ([@bib32]; [@bib59]); the nuclear export signal (NES) for Exp-1 ([@bib14]); the SR-rich domain that binds to Trn-SR ([@bib23]; [@bib37]); and Lys-rich NLS (IK-NLS) for yeast Kap121p (Imp-5 homolog; [@bib29]; [@bib28]). The β-like importin-binding (BIB) domain is another NTR-binding site ([@bib17]), but its consensus sequence and NTR specificity remain obscure. Among the NTRs, Imp-β exclusively uses one of the seven species of the Imp-α family of proteins as an adapter for cargo binding, and many Imp-α/β cargoes have been reported, although Imp-β also directly binds to cargoes ([@bib10]). Among the import receptors, Trn-1 and its closest homolog Trn-2 have the second-highest number of cargoes reported thus far, and the PY-NLS motif has been defined, although in some cases the motif is difficult to recognize because of sequence diversity and structural disorder is another requisite ([@bib55], [@bib56]). For the cargoes of other NTRs, the consensus structures of NTR-binding sites have hardly been derived because only limited numbers of cargoes have been reported, including Imp-β-direct cargoes.

There are many reports on the differential spatiotemporal expression of Imp-β family NTRs, including tissue specificities in humans ([@bib47]), developmental or spermatogenic stage specificities in mice ([@bib38]; [@bib47]), and tissue or response specificities in plants ([@bib13]). Expression regulation is not only transcriptional but also miRNA-mediated ([@bib34]; [@bib60]) or locally translationally mediated ([@bib45]). Additionally, the NTRs are functionally regulated by protein modifications ([@bib70]), inhibitory factors ([@bib35]), and specific anchorings ([@bib39]). These nucleocytoplasmic transport regulations must significantly influence cellular physiology, and their significance may be elucidated if the affected cargoes can be specified. Indeed, in previous studies, NTR regulations have been linked to cellular responses through the functions of specific cargoes. For example, in prostate cancer cells treated with a cinnamaldehyde derivative, the expression of Imp-7 and the transcription factor Egr1 are induced, and the Egr1 imported by Imp-7 activates apoptotic gene transcription ([@bib22]). In another example, when the nuclear import of some ribosomal proteins (RPs) is inhibited by the repression of Imp-7 expression, other unassembled RPs restrain the negative regulator of p53 Mdm2 and thereby activate p53 to inhibit cell growth ([@bib11]). Additionally, the inhibition of Trn-2 by the caspase-generated HuR (ELAVL1) fragment is crucial for the cytoplasmic retention of full-length HuR, which induces myogenesis ([@bib3]) or staurosporine-induced apoptosis ([@bib67]). In many other studies, mutations of particular NTR genes in model organisms, including yeast, flies, and plants, have resulted in defects in specific biological processes ([@bib24]). Thus, each NTR has its own inherent biological significance. However, the details of the molecular processes are largely uncharacterized because the responsible cargoes have not been identified. If we could identify more cargoes, further studies of cellular regulation by nucleocytoplasmic transport would be possible.

We previously established a method for identifying the cargoes of a nuclear import receptor called SILAC-Tp ([@bib25], [@bib26], [@bib27]). SILAC-Tp employs stable isotope labeling with amino acids in cell culture (SILAC) ([@bib43]), an in vitro reconstituted nuclear transport system ([@bib1]), and quantitative mass spectrometry. A recent advancement of the Orbitrap mass spectrometer drastically increased the identified and quantified protein numbers, and this advancement has been successfully applied to other cargo identification methods ([@bib20]; [@bib63]). Here, we utilized this advancement for the SILAC-Tp method and identified import cargoes of all 12 NTRs, of which 10 are import and two are bi-directional receptors. Our results illustrate the basic framework and the biological significance of the nucleocytoplasmic transport pathways.

Results and discussion {#s2}
======================

SILAC-Tp effectively identifies cargoes {#s2-1}
---------------------------------------

SILAC-Tp employs an in vitro nuclear transport system, and all 12 NTRs import their reported specific cargoes in this system ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). The transport system consists of permeabilized HeLa cells labeled with 'heavy' amino acids by SILAC, unlabeled HeLa nuclear extract depleted of Imp-β family NTRs and RCC1, unlabeled HeLa cytosolic extract depleted of Imp-β family NTRs, one species of recombinant NTR, p10/NTF2, and an ATP regeneration system. Unlabeled 'light' proteins in the nuclear extract are imported into the nuclei of the permeabilized cells. Simultaneously, a control reaction without the NTR is performed. Next, the proteins are extracted from the nuclei and identified and quantified by LC-MS/MS. The recipient nuclei contain both the imported and endogenous proteins, and the ratio of the imported to the endogenous fraction of a protein is calculated as the unlabeled/labeled or light/heavy (L/H) ratio. The quotient of the L/H ratios with the NTR (+NTR) and without it (control), that is, (L/H~+NTR~)/(L/H~Ctl~), of a protein is defined as the +NTR/Ctl value and is used as the index for cargo potentiality.

In one run of SILAC-Tp (control or +NTR), approximately 2500 to 4000 proteins were identified, and the L/H ratios of 1700 to 3100 proteins were quantified. To calculate the +NTR/Ctl value, one protein has to be quantified in both the control and +NTR reactions, and we discarded L/H~+NTR~ values that lacked the counterpart L/H~Ctl~ values. We performed three replicates of SILAC-Tp for each of the 12 NTRs. In the three replicates, 1235 to 1671 proteins were assigned with +NTR/Ctl values three times, and 364 to 502 proteins were assigned only twice ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}). We did not consider proteins with single +NTR/Ctl values, although a protein with only a single but high +NTR/Ctl value may still be a cargo (see below). To normalize the index values of the three replicates, the Z-scores of the log~2~(+NTR/Ctl) were calculated within each replicate ([Figure 1---figure supplement 2A and B](#fig1s2){ref-type="fig"}). Ranking the proteins that have three +NTR/Ctl values by the median of the three Z-scores may reasonably sort the candidate cargoes. However, if the lower Z-score of a protein with only two +NTR/Ctl values is higher than the median Z-scores of those candidate cargoes, the protein may also be a candidate cargo. Thus, we ranked the proteins by the second (the lower of the two or the middle of the three) Z-scores, and termed the result the 2nd-Z-ranking ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}).

To define the border that separates candidate cargoes from other proteins in the 2nd-Z-ranking, we first reviewed the distribution of reported Trn-1 cargoes in the Trn-1 2nd-Z-ranking because many Trn-1 cargoes have been reported. For an unbiased evaluation, we employed the lists of cargoes consolidated by other researchers ([@bib7]). Twenty-seven reported cargoes were included in the 2nd-Z-ranking (totaling 1649 proteins; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Trn-1 'Report and feature'). We calculated the reported cargo rates (to serve as a proxy for precision), recall, and Fisher's exact test p-values for rank cutoffs in increments of 1%. Computing reported cargo rate requires deciding which candidate cargoes should be considered as false positives. Since a gold standard set of definitely non-cargo proteins is not available, it is not clear which previously unreported cargoes should be counted as false positives, and which, if any, should be discarded as unclear. Therefore, we estimated reported cargo rates in two ways: (i) treating all the 1622 proteins not reported as cargoes as negative examples ([Figure 1---figure supplement 3A](#fig1s3){ref-type="fig"} and [Figure 1---source data 1A](#SD1-data){ref-type="supplementary-material"}); and (ii) discarding proteins with undetermined or nuclear subcellular localization according to Uniprot annotation, and treating the remaining 259 non-nuclear proteins as negative examples ([Figure 1---figure supplement 3A](#fig1s3){ref-type="fig"} and [Figure 1---source data 1B](#SD1-data){ref-type="supplementary-material"}). In the former case, the reported cargo rate corresponds to a lower bound on the precision, and even in the latter case, the reported cargo rates are expected to underestimate precision, because almost certainly some of the proteins that we exclude as unclear are in fact true cargoes.

To select cargoes with high sensitivity, we employed the cutoff of 15% that yields a high recall of 0.741 ([Figure 1---figure supplement 3B](#fig1s3){ref-type="fig"} and [Figure 1---source data 1A and 1B](#SD1-data){ref-type="supplementary-material"}; recall is not affected by the assumptions of negative examples). Among the 27 reported cargoes, 20 cargoes were ranked in the top 15% (247 proteins; p=5.39 × 10^−12^ by Fisher's exact test), and the others were dispersed in the lower ranks ([Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}; [Figure 1---figure supplement 2C and E](#fig1s2){ref-type="fig"}).10.7554/eLife.21184.002Figure 1.SILAC-Tp effectively sorts Trn-1 cargoes.(**A**) Z-scores in the Trn-1 2nd- and 3rd-Z-rankings. The second (left) and third (right) Z-scores are presented for the top 250 proteins in the Trn-1 2nd- and 3rd-Z-rankings, respectively. The total number of ranked (quantified) proteins and the number of previously reported cargoes included in the ranking are indicated at the bottom. The magenta bars represent previously reported cargoes. The blue and dark gray bars represent the proteins that did and did not bind directly to Trn-1, respectively, in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). Identical proteins marked by the colors are connected by lines. Proteins that carry PY-NLS motifs are indicated by green bars. (**B**) Distribution of PY-NLS motif-containing proteins in the rankings. The percentage of the proteins carrying PY-NLS motifs in 50 consecutively aligned proteins is presented along with the 2nd- and 3rd-Z-rankings (left and right, respectively). For example, the top 50 proteins in the 2nd-Z-ranking include 19 (38%) PY-NLS motif-containing proteins, and thus the value at position 1 is 38%. Two types of PY-NLS motifs, basic and hydrophobic, are defined as presented at the bottom.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.002](10.7554/eLife.21184.002)10.7554/eLife.21184.003Figure 1---source data 1.Statistical analysis of reported cargoes in the Trn-1 2nd- and 3rd-Z-ranking.(**A**, **B**) Reported cargo rates, recall, and p-values of the Trn-1 2nd-Z-percentile ranking. Reported cargoes and proteins that have not been reported as cargoes (unreported candidate cargoes) in the top 1% to 20% ranks were counted in 1% rank increments, and the reported cargo rates (a lower bound on precision), recall (sensitivity), and p-values were calculated using two definitions of negative examples: (**i**) assuming any protein not reported as a cargo is negative (**A**), or (**ii**) assuming only those annotated to have non-nuclear localization in Uniprot to be negative (**B**). p-values were calculated by Fisher\'s exact test. The row marked in cyan corresponds to the 2nd-Z-15% cargoes. (**C**, **D**) Reported cargo rates, recall, and p-values of the Trn-1 3rd-Z-percentile ranking. Reported cargo rates, recall, and p-values of the top 1% to 20% ranks were calculated similarly using two definitions of negative examples. The row marked in magenta corresponds to the 3rd-Z-4% cargoes. See also [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.003](10.7554/eLife.21184.003)10.7554/eLife.21184.004Figure 1---figure supplement 1.SILAC-Tp experimental system.(**A**) Methods outline. For details, see the Materials and methods. This figure was originally published by [@bib25]. (**B**) Depletion of the Imp-β family NTRs from the cytosolic and nuclear extracts. The cytosolic and nuclear extracts before and after the NTR depletion were analyzed by Western blotting with antibodies specific for each NTR. Asterisk, no band was detected. For Imp-11, the lower band indicated by the arrowhead was removed. For the antibodies, see [Supplementary file 12B](#SD13-data){ref-type="supplementary-material"}. (**C**) In vitro transport of specific cargoes. The reported cargoes were expressed as GFP-fusion proteins and purified. Then, the cargoes were added to the in vitro transport system with (+) or without (--) each specific NTR. The import was observed by fluorescence microscopy. IBB, Imp-β-binding domain of Imp-α. For the protein accessions, see [Supplementary file 12B](#SD13-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.004](10.7554/eLife.21184.004)© 2013 The American Society for Biochemistry and Molecular Biology. All Rights Reserved2013The American Society for Biochemistry and Molecular Biology[Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"} reproduced from [@bib25].10.7554/eLife.21184.005Figure 1---figure supplement 2.Trn-1 cargoes are effectively sorted by the second or third Z-scores in three replicates of SILAC-Tp.(**A**) Frequency distributions of the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] = log~2~(+NTR/Ctl) in three replicates of SILAC-Tp with Trn-1. (**B**) Frequency distributions of the Z-scores of log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] in three replicates of SILAC-Tp with Trn-1. The Z-score of each protein was calculated as Z=(X-μ)/σ, where X is log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] of a protein, μ is the mean of X in one replicate, and σ is the standard deviation of X. (**C**) Distribution of the three Z-scores in the Trn-1 2nd-Z-ranking. The Trn-1 2nd-Z-ranking consists of 1649 proteins. Both of the two or all three of the Z-scores are plotted against the rank by the second Z-score. The Z-scores in one replicate are presented as circles with the same color (blue, green, or violet), and the diamonds drawn in dark blue, dark green, and dark violet represent the Z-scores of reported cargoes in the respective replicates. (**D**) Distribution of the three Z-scores in the Trn-1 3rd-Z-ranking. The Trn-1 3rd-Z-ranking consists of 1235 proteins. All three of the Z-scores are plotted against the rank by the third Z-score. The marker colors are the same as those in (**C**). (**E**) Z-scores of the top 200 proteins in the Trn-1 2nd-Z-ranking. Close up of the top 200 in (**C**). (**F**) Z-scores of the top 200 proteins in the Trn-1 3rd-Z-ranking. Close up of the top 200 in (**D**).**DOI:** [http://dx.doi.org/10.7554/eLife.21184.005](10.7554/eLife.21184.005)10.7554/eLife.21184.006Figure 1---figure supplement 3.Reported cargo rates and recall of the Trn-1 2nd- and 3rd-Z-ranking.(**A**) Rates of reported cargoes in the Trn-1 2nd- and 3rd-Z-percentile rankings. The reported cargo rates in the top 1% to 50% ranks are shown under the two definitions of negative examples: unreported, proteins not reported as cargoes; and non-nuclear, proteins annotated with non-nuclear localization. (**B**) Recall by ranks of the Trn-1 2nd- and 3rd-Z-percentile rankings. The recall of reported cargoes in the top 1% to 50% ranks are indicated. See also [Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.006](10.7554/eLife.21184.006)10.7554/eLife.21184.007Figure 2.Trn-1, Imp-13, and Trn-SR cargo rankings.(**A**--**C**) The top 100 proteins in the Trn-1 (**A**), Imp-13 (**B**), and Trn-SR (**C**) 2nd- and 3rd-Z-rankings (left and right, respectively). Magenta, reported cargoes; blue, proteins bound directly to the NTR in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}); orange in (**C**), SR-rich SFs that have not been reported; and green in (**C**), other RS (SR)-domain proteins. Identical proteins marked by the colors are connected by lines.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.007](10.7554/eLife.21184.007)10.7554/eLife.21184.008Figure 2---figure supplement 1.Imp-13 cargoes are effectively sorted by the second or third Z-scores in three replicates of SILAC-Tp.(**A**) Distribution of the three Z-scores in the Imp-13 2nd-Z-ranking. The Imp-13 2nd-Z-ranking consists of 2060 proteins. Both of the two or all three of the Z-scores are plotted against the rank by the second Z-score. The Z-scores in one replicate are presented as circles with the same color (blue, green, or violet), and the diamonds drawn in dark blue, dark green, and dark violet represent the Z-scores of reported cargoes in the respective replicates. Z-scores of the top 200 proteins are presented. (**B**) Distribution of the three Z-scores in the Imp-13 3rd-Z-ranking. The Imp-13 3rd-Z-ranking consists of 1671 proteins. All three of the Z-scores are plotted against the rank by the third Z-score. The marker colors are the same as those in (**A**). Z-scores of the top 200 proteins are presented.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.008](10.7554/eLife.21184.008)10.7554/eLife.21184.009Figure 2---figure supplement 2.SILAC-Tp effectively sorts Imp-13 and Trn-SR cargoes.(**A**) Z-scores in the Imp-13 2nd- and 3rd-Z-rankings. The second (left) and third (right) Z-scores are presented for the top 250 proteins in the Imp-13 2nd- and 3rd-Z-rankings, respectively. The total number of the ranked (quantified) proteins and the number of the previously reported cargoes included in the ranking are indicated at the bottom. The magenta bars represent the reported cargoes. The blue and dark gray bars represent proteins that did and did not bind directly to Imp-13, respectively, in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). Identical proteins marked by the colors are connected by lines. (**B**) Z-scores in the Trn-SR 2nd- and 3rd-Z-rankings. The Z-scores in the Trn-SR 2nd- and 3rd-Z-rankings are presented as in (**A**). The orange and green bars represent SR-rich splicing factors that have not been reported and other RS-domain proteins, respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.009](10.7554/eLife.21184.009)10.7554/eLife.21184.010Figure 2---figure supplement 3.Imp-β cargo ranking and Z-scores in the 2nd- and 3rd-Z-rankings.(**A**) The top 100 proteins in the Imp-β 2nd- and 3rd-Z-rankings (left and right, respectively). Blue indicates proteins bound directly to Imp-β or both Imp-α and -β, and light blue indicates proteins bound directly to Imp-α but not Imp-β in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). Yellow highlight indicates Imp-α. Identical proteins marked by the colors are connected by lines. (**B**) Z-scores in the Imp-β 2nd- and 3rd-Z-rankings. The second (left) and third (right) Z-scores are presented for the top 250 proteins in the Imp-β 2nd- and 3rd-Z-rankings, respectively. The total number of the ranked proteins and the number of previously reported Imp-β direct cargoes that are included in the ranking are indicated at the bottom. Bar colors: blue, proteins bound directly to Imp-β or both Imp-α and -β in the bead halo assays; light blue, proteins bound directly to Imp-α but not Imp-β; dark gray; proteins that did not bind to either Imp-α or Imp-β; and yellow, Imp-α.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.010](10.7554/eLife.21184.010)

We examined the direct binding of Trn-1 to a subset of proteins in the 2nd-Z-ranking using a bead halo assay ([@bib44]) ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}) in which the binding of GFP-fusion proteins to GST-Trn-1 on glutathione-Sepharose beads was observed by fluorescence microscopy. If RanGTP (a Q69L GTP-fixed mutant) ([@bib4]) inhibits the protein--Trn-1 binding, the functionality of the binding is verified. For all the bead halo assays in this work, we principally selected well-characterized proteins that have not been reported as cargoes from (i) proteins ranked high (within the top 15% in the 2nd-Z-ranking or 4% in the 3rd-Z-ranking, see below), around presumptive cutoffs (within about top 15--25% in the 2nd-Z-ranking), or lower and (ii) highly ranked proteins that are suspected as indirect cargoes or false positives based on their well-known features, for example, S100A6 or EEF1A2 (see the legend of [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). The negative rate of the bead halo assays should be higher than the true overall false-positive rate of the SILAC-Tp, because proteins in (ii) are selected preferentially. Seventeen novel candidate cargoes in the top 266 (top 16%) bound to Trn-1, and RanGTP inhibited the binding ([Figure 1A](#fig1){ref-type="fig"}; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Trn-1 'Direct binding'; [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). Although the assays were not comprehensive, many of the highly ranked proteins are *bona fide* Trn-1 cargoes. The highly ranked proteins that did not bind to Trn-1 in the assays are still candidate indirect cargoes that may form complexes with other proteins that directly bind to Trn-1 (see the case of POLE3 for Imp-13 below). As an example of a protein with only a single but high Z-score (+NTR/Ctl value), DIMT1 bound to Trn-1 (DHRS4 with Imp-β is another example), but we did not consider such proteins.

Because many reported Trn-1 cargoes carry PY-NLSs, we examined the distribution of PY-NLS motif-containing proteins in the 2nd-Z-ranking ([Figure 1B](#fig1){ref-type="fig"}). The percentages of PY-NLS motif-containing proteins within a window width of 50 positions were higher in the range of the top 200, indicating a higher rate of PY-NLS motif-containing proteins within the top 250 (top 15%). The reported Trn-1 cargoes were similarly distributed in the Trn-2 2nd-Z-ranking ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Trn-2 'Report or feature'). Because Trn-1 and -2 share nearly the same reported cargoes ([@bib64]), this result demonstrates the reproducibility of the SILAC-Tp method. Based on these evaluations, we assumed that the proteins in the top 15% (247 proteins) of the 2nd-Z-ranking are candidate cargoes with high sensitivity (0.741) and termed them the 2nd-Z-15% cargoes.

Next, we examined whether the cutoff employed for Trn-1 is applicable to Imp-13 and Trn-SR whose 2nd-Z-rankings include several reported cargoes. The Imp-13 2nd-Z-ranking (totaling 2060 proteins) includes eight reported cargoes ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Imp-13), and seven of these are ranked in the top 244 (top 12%; p=2.83 × 10^−7^; [Figure 2B](#fig2){ref-type="fig"}; [Figure 2---figure supplements 1A](#fig2s1){ref-type="fig"} and [2A](#fig2s2){ref-type="fig"}). In bead halo assays for a subset of the ranked proteins, 24 novel candidate cargoes in the top 326 (top 16%) bound directly to Imp-13, and RanGTP inhibited the binding ([Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Imp-13; [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). One component of a reported cargo complex, that is, POLE3, did not bind to Imp-13, but its binding partner CHRAC1 ([@bib69]) did. Thus, the binding partners of the direct cargoes are also ranked high. Many reported Trn-SR cargoes are SR-domain proteins ([@bib7]), and they can be grouped into either SR-rich splicing factors (SFs) or other SR-domain proteins. The Trn-SR 2nd-Z-ranking (totaling 2021 proteins) contains three reported cargoes ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Trn-SR), and they are ranked in the top 55 (top 3%; p=1.91 × 10^−5^; [Figure 2C](#fig2){ref-type="fig"}; [Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}). The 2nd-Z-ranking contains seven SR-rich SFs other than the reported SFs, and five of these are ranked in the top 90 (top 4%; p=7.61 × 10^−18^). The 2nd-Z-ranking also contains another four proteins that are annotated with 'RS-domain' in UniProt, and three of these are ranked in the top 202 (top 10%; p=3.65 × 10^−3^). Finally, in bead halo assays for a subset, 11 novel candidate cargoes in the top 237 (top 12%) bound directly to Trn-SR, and RanGTP inhibited the binding ([Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Trn-SR; [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). Hence, the 2nd-Z-15% cargoes could also be defined for Imp-13 (309 proteins) and Trn-SR (302 proteins), and we applied this cutoff to the other NTRs that have few reported cargoes. The 2nd-Z-15% cargoes of the 12 NTRs are presented in [Supplementary file 3](#SD4-data){ref-type="supplementary-material"}. Some of the 2nd-Z-15% cargoes with low numbers of L/H counts showed deviation in Z-scores or L/H ratios in the three replicates of SILAC-Tp ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}), and an example of their quantitation qualities is presented in [Supplementary file 4](#SD5-data){ref-type="supplementary-material"}.

Exceptionally, Imp-β uses Imp-α as an adaptor for cargo binding, and the cytosolic extract used for the transport system contained endogenous Imp-α. Four Imp-αs were found in the Imp-β 2nd-Z-ranking (totaling 2027 proteins), and three of these are in the 2nd-Z-15% cargoes (p=1.19 × 10^−2^; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Imp-β; [Supplementary file 3](#SD4-data){ref-type="supplementary-material"}). Thus, the Imp-β candidate cargoes must include both Imp-β-direct and Imp-α-dependent cargoes. Indeed, 31 proteins in the top 276 (top 14%) bound directly to Imp-α, -β, or both in the bead halo assays ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Imp-β; [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}; [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). The border for the Imp-β candidate cargoes can be relaxed because Imp-β imports more cargoes than other NTRs with the help of Imp-α. Indeed, in the bead halo assays, many proteins in the top 35% of the 2nd-Z-ranking bound to Imp-α, although most of the proteins that bound directly to Imp-β were ranked in the top 259 (13%). Here, we employed the Imp-β 2nd-Z-15% cargoes (303 proteins) to enable equal comparisons with the cargoes of other NTRs.

Cargo selection with higher specificity {#s2-2}
---------------------------------------

Deviation of the LC-MS/MS quantification within the three replicates complicates cargo selection. However, the Z-scores of the highly ranked reported cargoes were reasonably high in all the three replicates possibly because many of the reported cargoes are abundant proteins that seldom produce outliers in quantification ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}; [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). To select proteins that have high Z-scores in all the three replicates, we next ranked the proteins that had three +NTR/Ctl values by the third (lowest) Z-scores (3rd-Z-ranking). The reported cargo rates, recall, and p-values were calculated in 1% rank increments under two assumptions similarly to the case of 2nd-Z-ranking ([Figure 1---figure supplement 3A and B](#fig1s3){ref-type="fig"} and [Figure 1---source data 1C and 1D](#SD1-data){ref-type="supplementary-material"}). The reported cargo rate calculated under the assumption that proteins annotated with non-nuclear localization (178 proteins) are negative examples is as high as 0.85 at the cutoff of top 4% ([Figure 1---figure supplement 3A](#fig1s3){ref-type="fig"} and [Figure 1---source data 1D](#SD1-data){ref-type="supplementary-material"}). The Trn-1 3rd-Z-ranking (totaling 1235 proteins) included 25 reported cargoes, and 17 of these were ranked in the top 37 (top 3%; p=1.67 × 10^−22^; [Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}; [Figure 1---figure supplement 2D and F](#fig1s2){ref-type="fig"}; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}). Seven proteins in the top 47 (top 4%) were novel Trn-1-direct cargoes that were verified in the bead halo assays ([Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}; [Supplementary files 1](#SD2-data){ref-type="supplementary-material"} and [2](#SD3-data){ref-type="supplementary-material"}). The percentage of PY-NLS motif-containing proteins within a window width of 50 positions was highest at the first position ([Figure 1B](#fig1){ref-type="fig"}), indicating that PY-NLS motif-containing proteins are concentrated in the top 50 (top 4%). Thus, most of the proteins that ranked in the top 4% (49 proteins) of the 3rd-Z-ranking are highly reliable cargoes, and we termed these proteins the 3rd-Z-4% cargoes. In a comparison between the Trn-1 2nd-Z-15% and 3rd-Z-4% cargoes, most of the 3rd-Z-4% cargoes were also 2nd-Z-15% cargoes ([Figure 1A](#fig1){ref-type="fig"}). Some reported or newly identified cargoes in the 2nd-Z-15% cargoes were ranked lower in the 3rd-Z-ranking due to the deviations in the third Z-scores.

In the Imp-13 3rd-Z-ranking (totaling 1671 proteins), seven proteins were reported cargoes, and six of these were ranked in the top 58 (top 3%; p=9.20 × 10^−9^; [Figure 2B](#fig2){ref-type="fig"}; [Figure 2---figure supplements 1B](#fig2s1){ref-type="fig"} and [2A](#fig2s2){ref-type="fig"}; [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}). Additionally, the 3rd-Z-4% cargoes (66 proteins) included eight novel cargoes that directly bound to Imp-13 ([Figure 2B](#fig2){ref-type="fig"}; [Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}; [Supplementary files 1](#SD2-data){ref-type="supplementary-material"} and [2](#SD3-data){ref-type="supplementary-material"}). In the Trn-SR 3rd-Z-ranking (totaling 1591 proteins), both of the two reported cargoes were ranked in the top 18 (top 1%; p=1.21 × 10^−4^), four of the five other SR-rich SFs were in the top 45 (top 3%; p=2.74 × 10^−6^), one of the three SR-domain proteins (other than the SR-rich SFs) was ranked 63rd (top 4%; p=0.11), and six novel cargoes within the top 4% (63 proteins) bound directly to Trn-SR ([Figure 2C](#fig2){ref-type="fig"}; [Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}; [Supplementary files 1](#SD2-data){ref-type="supplementary-material"} and [2](#SD3-data){ref-type="supplementary-material"}). In cases of both Imp-13 and Trn-SR, the proteins were replaced between the 2nd- and 3rd-Z-rankings in a manner similar to the case for Trn-1. We concluded that the 3rd-Z-4% criteria is highly specific including few false positives, albeit at the cost of losing many genuine cargoes. Hence, we employed the 3rd-Z-4% cargoes mainly for the characterization of the identified cargoes, whereas the 2nd-Z-ranking was used for the evaluation of the import efficiencies of the expected cargoes. The 3rd-Z-4% cargoes of the 12 NTRs are presented in [Figure 3](#fig3){ref-type="fig"}.10.7554/eLife.21184.011Figure 3.3rd-Z-4% cargoes of the 12 NTRs.The 3rd-Z-4% cargoes of each NTR are listed by the gene names in the 3rd-Z-rank orders. The ranks by the second Z-scores are also shown. The 3rd-Z-4% and 2nd-Z-15% cargoes are indicated by cyan in the rank columns. Colors in the gene name columns: magenta, reported cargoes; blue, cargoes bound directly to the NTR in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}); light blue, cargoes bond directly to Imp-α but not to Imp-β; gray, proteins that did not bind to the NTRs; and yellow, Imp-α. For the 2nd-Z-15% cargoes, see [Supplementary file 3](#SD4-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.011](10.7554/eLife.21184.011)

Redundancy in the import pathways {#s2-3}
---------------------------------

A total of 468 proteins were identified as 3rd-Z-4% cargoes of the 12 NTRs, and 332 of these are unique to one NTR, which clearly reflects the division of roles among the NTRs ([Supplementary file 5B](#SD6-data){ref-type="supplementary-material"}). Another 136 proteins were shared by two to seven NTRs, and the mean number of shared cargoes between two NTRs was 4.8. In the maximum-likelihood phylogenetic tree of the 12 NTRs ([Figure 4A](#fig4){ref-type="fig"}), Trn-1 and -2 (84% sequence identity) are paired most closely, and Imp-7 and -8 (65% identity) are the second-most closely paired. These paired NTRs share 28 and 19 cargoes, respectively, and they are paired similarly in a hierarchical clustering based on the cargo profiles ([Figure 4B and C](#fig4){ref-type="fig"}). The other NTRs that were paired weakly in the phylogenetic tree, namely, Imp-13 and Trn-SR (23% identity), Imp-4 and -5 (22% identity), and Imp-9 and -11 (19% identity), did not form the same pairs when clustering by their cargoes. Thus, the NTR--cargo interactions are conserved only within the highly homologous NTRs. The 2nd-Z-15% cargoes included as many as 1416 proteins in total, 827 of which are shared by two to 12 NTRs, and 589 are unique to one NTR ([Supplementary file 5A and 5D](#SD6-data){ref-type="supplementary-material"}). Imp-7 and -8 share the largest number (162) among the 2nd-Z-15% cargoes, but Trn-1 and -2 share no more than the other pairs. Of the 247 Trn-1 and 246 Trn-2 2nd-Z-15% cargoes, 69 are shared, and 36 of these are ranked within the top 50 in either ranking. Thus, Trn-1 and -2 still share many highly ranked cargoes but few lower ranked cargoes within the top 15%. The import efficiency of a cargo may differ between Trn-1 and -2, and only one of Trn-1 or -2 may import inefficient cargoes that are ranked lower.10.7554/eLife.21184.012Figure 4.Phylogenetic tree and cargo profile hierarchical clustering of the Imp-β family import receptors.(**A**) Phylogenetic tree of the 12 Imp-β family import receptors with the bootstrap values. Scale bar indicates substitutions per site. (**B**) A hierarchical clustering dendrogram of the same NTRs (except Imp-β) based on the similarities of their 3rd-Z-4% cargo profiles. Imp-β was excluded because Imp-α connects to Imp-β and many of the identified cargoes. The scale indicates the intercluster distance. (**C**) The numbers of 3rd-Z-4% cargoes shared by two NTRs. For the 2nd-Z-15% cargoes, see [Supplementary file 5A](#SD6-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.012](10.7554/eLife.21184.012)

Division of roles among the NTRs {#s2-4}
--------------------------------

Because NTR-dependent transport is regulated, a cargo cohort of an NTR must be imported simultaneously and act cooperatively. To explore the roles of the NTR cargoes, the 3rd-Z-4% and 2nd-Z-15% cargoes of each NTR were analyzed for enrichment of Gene Ontology (GO) terms ([@bib9]) using g:Profiler ([@bib50]). For all the combinations of a GO term and an NTR, the number of cargoes annotated with the term and the significance (p-values according to g:SCS) of the term enrichment are listed ([Supplementary files 6B, 6C](#SD7-data){ref-type="supplementary-material"}, [7,](#SD8-data){ref-type="supplementary-material"} and [8](#SD9-data){ref-type="supplementary-material"}). Depending on the hierarchy of the GO terms, the terms are significantly annotated (p\<0.05) to the cargo cohorts of none to 12 of the NTRs. Broader terms with smaller term depths are linked to more NTRs, whereas more defined terms with larger term depths are linked to fewer NTRs. Indeed, all 12 of the NTRs are linked to many broad terms, although the cargo numbers and the significances vary widely. Because similar terms were listed redundantly, we selected representative GO terms from those enriched significantly (p\<0.05) for the 3rd-Z-4% cargoes of the 12 NTRs and tabulated the correspondences between the cargoes and the annotated terms ([Supplementary file 9](#SD10-data){ref-type="supplementary-material"}). To compare the GO terms that are specifically linked to each NTR, we listed the terms that are enriched significantly for the cargoes of four or fewer NTRs ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Here, again we extracted the representative terms to decrease the size of the list. The selected terms for the 3rd-Z-4% cargoes plainly exhibit the roles of the cargo cohorts. For example, significant numbers of Imp-4, -7 and Exp-4 cargoes are annotated with DNA recombination or DNA conformation (geometric) change ([Figure 5](#fig5){ref-type="fig"}; [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}), which are terms for biological processes (BPs). These cargoes are also annotated with chromatin, which is a term for cellular component (CC; [Figure 6A](#fig6){ref-type="fig"}; [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}), and DNA binding, which is for molecular function (MF; [Figure 6B](#fig6){ref-type="fig"}; [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}), all related to DNA recombination and DNA conformation change. For another example, the Trn-SR cargoes are significantly annotated with a range of terms for BPs that are related to cell division or nuclear division and terms for CCs that include condensed chromosome, kinetochore, spindle, and centrosome. Similarly, most of the examined NTRs are linked to terms for BPs via the 3rd-Z-4% cargoes ([Figure 5](#fig5){ref-type="fig"}) as follows: Imp-β, -4, -7, and Trn-SR are linked to chromatin or chromosome organization; Imp-β, -4, and -13 are linked to DNA repair; Imp-β is linked to mRNA capping; Trn-SR and Exp-4 are linked to mRNA polyadenylation; Trn-1 and -2 are linked to mRNA stabilization; Trn-2, -SR, Imp-5, -9, and Exp-4 are linked to ribosome biogenesis or rRNA processing; Trn-SR is linked to protein folding, modification, ubiquitination, and catabolic process; and Imp-4 and -7 are linked to apoptosis. The NTRs are also consistently linked to the terms for CCs and MFs ([Figure 6](#fig6){ref-type="fig"}) as follows: Trn-SR, Imp-5, -9, and Exp-4 are linked to Cajal body; Imp-β is linked to cap-binding complex; and Trn-SR is linked to pre-mRNA binding, snoRNA binding, and RNA helicase activity.10.7554/eLife.21184.013Figure 5.GO term (Biological Process) enrichments of the 3rd-Z-4% cargoes.The 3rd-Z-4% cargoes were analyzed for GO term (term type, Biological Process) enrichment. The significantly enriched terms (p\<0.05, cyan) in the 3rd-Z-4% cargoes of four or fewer NTRs were selected, and a representative term for each group of highly similar is presented with their p-values and the numbers (\#) of cargoes annotated with them. Total No. denotes the number of proteins annotated with each term in the database. Related terms are bundled in the same color. This table was extracted from [Supplementary file 6B](#SD7-data){ref-type="supplementary-material"}. All the GO terms annotated to the 3rd-Z-4% cargoes are listed in [Supplementary file 7](#SD8-data){ref-type="supplementary-material"}. The correspondence between each 3rd-Z-4% cargo and GO term is summarized in [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}. For the 2nd-Z-15% cargoes, see [Supplementary files 6A](#SD7-data){ref-type="supplementary-material"}, [8,](#SD9-data){ref-type="supplementary-material"} and [10](#SD11-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.013](10.7554/eLife.21184.013)10.7554/eLife.21184.014Figure 6.GO term (Cellular Component and Molecular Function) enrichments of the 3rd-Z-4% cargoes.The 3rd-Z-4% cargoes were analyzed, and the results are presented in a format similar to that of [Figure 5](#fig5){ref-type="fig"}. (**A**) Term type, Cellular Component. (**B**) Term type, Molecular Function. These tables were extracted from [Supplementary file 6B](#SD7-data){ref-type="supplementary-material"}. All the GO terms annotated to the 3rd-Z-4% cargoes are listed in [Supplementary file 7](#SD8-data){ref-type="supplementary-material"}. The correspondence between each 3rd-Z-4% cargo and GO term is summarized in [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}. For the 2nd-Z-15% cargoes, see [Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}, [8,](#SD9-data){ref-type="supplementary-material"} and [10](#SD11-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.014](10.7554/eLife.21184.014)

Nearly twice as many GO terms were annotated to the 2nd-Z-15% cargoes. The correspondences between the 2nd-Z-15% cargoes of the 12 NTRs and selected representative GO terms enriched significantly for them are tabulated in [Supplementary file 10](#SD11-data){ref-type="supplementary-material"}. The excerpted list of terms enriched significantly for the cargoes of four or fewer NTRs contains terms partially different from those in [Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} ([Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}), but many of the NTRs are still linked to terms similar to those of the 3rd-Z-4% cargoes. For example, Imp-β and Trn-SR are linked to terms related to cell or nuclear division by the 3rd-Z-4% cargoes ([Figure 5](#fig5){ref-type="fig"}) and to partially different terms that are still related to cell or nuclear division by the 2nd-Z-15% cargoes ([Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}). Additionally, Imp-4 is linked to terms related to DNA structure regulation, DNA repair, and apoptosis in both lists. Similarly, most of the examined NTRs are linked in both lists to similar terms that are related to any of the following: chromatin organization, chromosome organization, DNA repair, ribosome biogenesis, protein modification, cell division, nuclear division, and apoptosis. Thus, we regard the 3rd-Z-4% list as a core table of the cargo roles. Naturally, the 2nd-Z-15% cargoes linked the NTRs to additional terms ([Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}) as follows: Imp-β, -4, and Trn-SR are linked to DNA-dependent DNA replication; Trn-1 and Imp-7 are linked to gene silencing by RNA; Imp-β, -7, and -13 are linked to rRNA transcription; Imp-β and Trn-SR are linked to protein methylation; Trn-SR is linked to protein peptidyl-prolyl isomerization; Trn-2, Imp-4, and -8 are linked to circadian rhythm; Imp-β, -4, -13, and Trn-SR are linked to terms for CCs and MFs that are related to RNA polymerase (RNAP) II transcription; and subsets of the NTRs are linked to varying terms that are related to differentiation, development, and response. As an important result, we have illustrated the general framework of the division of roles among the NTRs for the first time, in which one NTR is linked to many BPs and conversely each broadly defined BP is supported by many NTRs, but each closely defined BP is supported by a restricted number of NTRs. One typical example is the allocation of mRNA processing factors (see below).

Allocation of mRNA processing factors to the NTRs {#s2-5}
-------------------------------------------------

Some of the GO terms related to mRNA processing were specifically linked to four or fewer NTRs by the 3rd-Z-4% and 2nd-Z-15% cargoes ([Figure 5](#fig5){ref-type="fig"}; [Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}). However, many other terms related to mRNA processing were linked to more NTRs, and conversely, all the NTRs were implicated in mRNA processing. The 2nd- and 3rd-Z-rankings for the 12 NTRs included 275 and 242 proteins, respectively, that were annotated with mRNA processing ([Supplementary file 6B and 6C](#SD7-data){ref-type="supplementary-material"}). To see the allocation of these proteins to the NTRs, the ranks of these proteins are arranged in a table ([Supplementary file 11A](#SD12-data){ref-type="supplementary-material"}). The 2nd- and 3rd-Z-rankings revealed similar results. As summarized for the 2nd-Z-ranking ([Figure 7](#fig7){ref-type="fig"}), particular groups of the mRNA-processing factors are allocated to specific NTRs, showing that each NTR is linked to distinct reactions in mRNA processing: the proteins related to mRNA capping are allocated to Imp-β almost exclusively; hnRNP A0 is allocated to Trn-1, -2, Imp-4, -11, and others; hnRNP A1, A2B1, A3, D, F, H1--3, and M are allocated to Trn-1 and -2, and additionally Imp-9 and Exp-4; hnRNP U-like 1 are allocated to Imp-7, -8, and -9; SR-rich SFs are primarily allocated to Trn-SR and secondarily to Imp-7, -8, and -9; SFs 3A and B are allocated to Imp-4, -7, -8, -9, -11, and Exp-4; PQ-rich SF is allocated to Imp-4, -7, -8, and Exp-4; snRNP A--C is allocated to Imp-4, -7, -8, and Exp-4; exon junction complex (EJC) components are exclusively allocated to Imp-11 and -13; cleavage and polyadenylation specificity factor (CPSF) 1 is allocated to Imp-7 and -9; CPSF5 (NUDT21), 6, and 7 are less specifically allocated to other NTRs; general transcription factor IIF is allocated to Imp-β, -4, and Trn-SR; and RNAP II associating factors are allocated to Trn-SR and separately to other NTRs. Thus, the NTRs import distinctive subsets of mRNA processing factors. In the 2nd-Z-ranking, the SR-rich SFs were not allocated to Imp-5, but they were identified as the Imp-5 3rd-Z-4% cargoes. Thus, subsets of proteins involved in a broadly defined BP, for example, mRNA processing, are allocated to different NTRs, in a manner representative of role division among the NTRs.10.7554/eLife.21184.015Figure 7.mRNA processing factors in the 2nd-Z-rankings.The ranks of the mRNA processing factors in the 2nd-Z-rankings of the 12 NTRs are presented. The color scale is set by percentile rank as indicated. The 2nd-Z-rankings of the 12 NTRs include 275 proteins in total that are annotated with mRNA processing in GO. Of these, 69 were selected and are presented. For other factors and the 3rd-Z-rankings, see [Supplementary file 11A](#SD12-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.015](10.7554/eLife.21184.015)

Allocation of RPs to the NTRs {#s2-6}
-----------------------------

RPs migrate into the nuclei for ribosome assembly, but the NTRs responsible for import have been determined for only a few of RPs ([@bib7]). The 3rd-Z-4% cargoes include 15 RPs ([Supplementary files 1](#SD2-data){ref-type="supplementary-material"}, [5C,](#SD6-data){ref-type="supplementary-material"} and [11B](#SD12-data){ref-type="supplementary-material"}). To see the allocations of all the RPs to the NTRs, the ranks of the RPs in the 2nd-Z-rankings are arranged in a table ([Figure 8](#fig8){ref-type="fig"}). Because the +NTR/Ctl values were obtained for most of the RPs in the three SILAC-Tp replicates, the second Z-scores are the median Z-scores in most cases, and they should fairly reflect the import efficiencies. Half of the RPs are included in the 2nd-Z-15% cargoes of one to five NTRs, and most of the RPs are ranked in the top 30% in the 2nd-Z-rankings of additional NTRs. Surprisingly, most RPs, especially the 60S subunit proteins, are ranked in the top 50% of most of the 2nd-Z-rankings, and few RPs are ranked lower. These findings imply that most of the RPs are allocated to multiple NTRs, but the import efficiencies vary depending on the NTR. Indeed, several RPs are reported cargoes of multiple NTRs ([@bib17]; [@bib18]). Imp-7, -8, and -9 primarily import RPs, Imp-11 and Exp-4 secondarily import RPs, and all other NTRs also contribute to the import of RPs to some extent. Among the highly homologous NTR pairs, Trn-2 and Imp-8 import RPs more efficiently than Trn-1 and Imp-7, respectively, which indicates that RP import is one of the roles shared unequally by similar NTRs. This differentiation is clearer in the 3rd-Z-rankings ([Supplementary file 11B](#SD12-data){ref-type="supplementary-material"}).10.7554/eLife.21184.016Figure 8.Ribosomal proteins in the 2nd-Z-rankings.The ranks of the ribosomal proteins in the 2nd-Z-rankings of the 12 NTRs are presented. The color scale is set by the percentile rank as indicated. For the 3rd-Z-rankings, see [Supplementary file 11B](#SD12-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.016](10.7554/eLife.21184.016)

Allocation of transcription factors to the NTRs {#s2-7}
-----------------------------------------------

Sequence-specific DNA-binding transcription factors (annotated with 'transcription factor activity, sequence specific DNA binding' in GO) play pivotal roles in many cellular processes, but they are not significantly enriched in the 3rd-Z-4% cargoes of any NTR ([Supplementary file 6B](#SD7-data){ref-type="supplementary-material"}). Transcription cofactors (annotated with 'transcription factor activity, protein binding'), which may engage in gene-specific transcription, are significantly enriched in the 3rd-Z-4% cargoes of only three NTRs ([Figure 6B](#fig6){ref-type="fig"}; [Supplementary file 6B](#SD7-data){ref-type="supplementary-material"}). Nonetheless, transcription factors (sequence-specific DNA binding) are enriched in the Imp-β 2nd-Z-15% cargoes, and cofactors (protein binding) are enriched in the 2nd-Z-15% cargoes of 10 NTRs ([Supplementary file 6C](#SD7-data){ref-type="supplementary-material"}). Additionally, some transcription factors and cofactors are included in the 2nd-Z-15% cargoes, albeit not enriched. Thus, the 2nd-Z-15% cargoes of each NTR include 17 to 36 transcription factors or cofactors as listed at the bottom of [Supplementary file 11D](#SD12-data){ref-type="supplementary-material"}. We performed GO analyses (term type, BP) for these transcription factors and cofactors ([Supplementary file 11C and 11D](#SD12-data){ref-type="supplementary-material"}). The annotated terms may reflect both direct transcription regulation activities and indirect effects via transcription. The proteins annotated with histone modification are enriched in the Imp-β and -13 cargoes, and the term may reflect their direct functions. The cargoes of several NTRs annotated with varying types of nuclear receptor signaling may act as cofactors in receptor-regulated transcription. In contrast, many of the transcription factors and cofactors identified as cargoes are annotated differently with various terms related to cell proliferation, development, rhythmic processes, or apoptosis and may act on these processes via transcriptional regulation. Thus, the NTRs import transcription factors and cofactors that work in distinct cellular processes.

Characterizations of the cargoes of individual NTRs {#s2-8}
---------------------------------------------------

The GO analyses elucidated the characteristics of the NTR-specific cargoes, but the terms are annotated to not only the central players but also many indirect participants in BPs. Here, we primarily discuss the roles of the notable 3rd-Z-4% cargoes of each NTR and supplement this information with references to the 2nd-Z-15% cargoes. To make our points clear, we classified the 3rd-Z-4% and 2nd-Z-15% cargoes by their characteristics and their allocations to each NTR are presented in [Supplementary file 5C and 5E](#SD6-data){ref-type="supplementary-material"}. We describe the features of the Imp-13 and Trn-SR cargoes first, because it includes the discussion on an export cargo or SR-domains. Biological functions linked to NTRs by the natures of their cargoes need to be verified by further experiments.

Imp-13 cargoes {#s2-9}
--------------

Several Imp-13 cargoes have previously been reported, and our SILAC-Tp clearly reproduced the reported import specificities. Nuclear transcription factor Y subunits β (NFYB) and γ (NFYC) have been reported to be Imp-13 specific cargoes, whereas subunit α (NFYA), which has a BIB-like sequence, has been reported to bind to multiple NTRs ([@bib21]). NFYB is ranked first in both the Imp-13 2nd- and 3rd-Z-rankings, and NFYC is a 2nd-Z-15% cargo ([Figure 3](#fig3){ref-type="fig"}; [Supplementary files 1](#SD2-data){ref-type="supplementary-material"} and [3](#SD4-data){ref-type="supplementary-material"}). Additionally, we identified NFYA as a cargo of multiple NTRs. Interestingly, a subunit of the general transcription factor TFIIA (GTF2A2) that interacts with NFYA ([@bib51]) is also a highly ranked Imp-13 3rd-Z-4% cargo. We could not identify the Imp-13 reported cargo glucocorticoid receptor ([@bib62]) in our MS, but proteins that may interact with nuclear receptors, e.g., thyroid hormone receptor-associated protein 3 (THRAP3) ([@bib15]), RNA-binding protein 14 (RBM14) ([@bib16]), and transcription activator BRG1 (SMARCA4) ([@bib8]), were identified as Imp-13 2nd-Z-15% cargoes. THRAP3 interacts with EJC ([@bib33]), whose subunits, RNA-binding protein RBM8A and mago nashi homolog MAGOH, are well-characterized Imp-13 cargoes ([@bib40]). RBM8A and MAGOH are highly ranked Imp-13 3rd-Z-4% cargoes, which were not identified as cargoes of the other NTRs with the exception of Trn-1. However, another EJC subunit, that is, translation initiation factor 4A-III (EIF4A3) ([@bib53]), was identified as an Imp-11 3rd-Z-4% cargo. Thus, the EJC subunits are imported through different pathways. A well-characterized Imp-13 cargo, SUMO-conjugating enzyme UBC9 (UBE2I) ([@bib40]), was identified as a 3rd-Z-4% cargo, and SUMO2 and SUMO3 were also identified as 3rd-Z-4% cargoes. Components of the chromatin accessibility complex CHRAC15 (CHRAC1) and DNA polymerase ε subunit 3 (POLE3) are also Imp-13 reported cargoes ([@bib69]), and they are highly ranked 3rd-Z-4% cargoes. In the GO analysis, Imp-13 was linked to chromatin modification by the 2nd-Z-15% cargoes ([Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}). Nucleolar complex protein 2 homolog (NOC2L) is ranked 10th in both the second and third Z-scores, and lysine-specific demethylase 2A (KDM2A) is ranked second in the second Z-score. The Imp-13 2nd-Z-15% cargoes include many actin-related proteins that are involved in chromatin remodeling and transcription ([@bib42]; [@bib74]).

Surprisingly, a reported Imp-13 export cargo eIF1A (EIF1AX; [@bib40]) was identified as a 2nd-Z-15% cargo (ranked 84th and 164th by the second and third Z-score, respectively; [Supplementary files 1](#SD2-data){ref-type="supplementary-material"} and [3](#SD4-data){ref-type="supplementary-material"}). If a protein endogenous to the permeabilized cell nuclei is exported preferentially in the +NTR in vitro transport reaction, the (L/H~+NTR~)/(L/H~Ctl~) value will be raised and the protein will be ranked high. However, it cannot be generalized because we have only one example. Most of the highly ranked Imp-13 cargoes must be import cargoes, because in all the bead halo assays where the cargoes bound to Imp-13 RanGTP inhibited the binding ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}).

Trn-SR cargoes {#s2-10}
--------------

The reported Trn-SR cargoes include SR-rich splicing factors (SFs) that coordinate transcription elongation, mRNA splicing, and mRNA export ([@bib75]). Here, we found that proteins engaging in these processes are also Trn-SR cargoes. The Trn-SR 3rd-Z-4% cargoes include the RNA polymerase (RNAP) II elongation factors NELFE and PAF1 (a subunit of the Paf1 complex, PAF1C), DDX and DHX family RNA helicases, and the THO complex subunit THOC1 as well as SR-rich SFs. The 2nd-Z-15% cargoes additionally include PAF1C subunits CTR9, CDC73, and LEO, FACT complex subunits SSRP1 and SPT16, additional DDX and DHX family helicases, and THOC6 and THOC3 ([Supplementary file 5C and 5E](#SD6-data){ref-type="supplementary-material"}). Trn-SR bound to NELFE, CDC73, DDX5, and DDX27 in the bead halo assays ([Figure 3](#fig3){ref-type="fig"}, [Supplementary files 1](#SD2-data){ref-type="supplementary-material"}, [2,](#SD3-data){ref-type="supplementary-material"} and [3](#SD4-data){ref-type="supplementary-material"}). Peptidyl-prolyl cis-trans isomerases, which are contained in human spliceosomes ([@bib68]), were also identified as 3rd-Z-4% and 2nd-Z-15% cargoes. DnaJ homologs were also identified as 3rd-Z-4% and 2nd-Z-15% cargoes, although the spliceosome component DNAJC8 ([@bib76]) was not. The 3rd-Z-4% cargoes also include proteins related to nuclear division or chromosome segregation, the Ser/Thr protein kinase PLK1, dual specificity protein kinase TTK, G2/M-specific cyclin-B1 (CCNB1), cyclin-dependent kinase (CDK) 2, protein FAM83D, and dynein 1 light intermediate chain 1 (DYNC1LI1) in addition to proteins related to histone acetylation or deacetylation including histone deacetylase complex subunit SAP18 and SAGA-associated factor 29 homolog CCDC101. Indeed, in the bead halo assays, Trn-SR bound to SAP18 and CCDC101 ([Figure 3](#fig3){ref-type="fig"}; [Supplementary files 1](#SD2-data){ref-type="supplementary-material"}, [2,](#SD3-data){ref-type="supplementary-material"} and [3](#SD4-data){ref-type="supplementary-material"}). Additionally, the 2nd-Z-15% cargoes include many proteins that are related to nucleosome or chromatin regulation. Thus, the Trn-SR cargoes are involved in chromosome regulation in addition to the coordination of transcription elongation, mRNA splicing, and mRNA export.

Surprisingly, SR-rich SFs, which have been assumed to be Trn-SR-specific cargoes, were also identified as cargoes of other NTRs ([Figure 7](#fig7){ref-type="fig"}). To determine the allocation of the other SR-domain proteins to the NTRs, we here analyzed the distribution of SRSRSR hexa-peptide sequences in the 3rd-Z-4% cargoes ([Supplementary file 11E](#SD12-data){ref-type="supplementary-material"}). Imp-5, -7, -8, and Exp-4 as well as Trn-SR may be the specific NTRs for proteins with the hexa-peptide, most of which are nuclear proteins. The hexa-peptide-containing proteins other than the SR-rich SFs are primarily included in the Imp-5 and Exp-4 cargoes.

Imp-β cargoes {#s2-11}
-------------

The Imp-β cargoes play roles in DNA synthesis and repair and chromatin regulation. The Imp-β 3rd-Z-4% cargoes include DNA polymerase δ subunits (POLD2 and 3) and mismatch repair endonuclease PMS2 ([Supplementary file 5C](#SD6-data){ref-type="supplementary-material"}). Additionally, the Imp-β 2nd-Z-15% cargoes include PCNA-associated factor KIAA0101 and DNA-(apurinic or apyrimidinic site) lyase (APEX1) ([Supplementary file 5E](#SD6-data){ref-type="supplementary-material"}). These proteins act in DNA synthesis or repair. The notable 3rd-Z-4% cargoes related to chromatin regulation include high-mobility group (HMG) proteins, histone acetyltransferase complex NuA4 subunit MRGBP, SWI/SNF-related regulator of chromatin SMARCE1, Spindlin-1 (SPIN1), chromodomain-helicase CHD8, and lymphoid-specific helicase HELLS. Additionally, the 2nd-Z-15% cargoes include the NuA4 subunit MORF4L2, SWI/SNF complex subunit SMARCC2, chromatin assembly factor 1 subunit CHAF1B, polycomb protein EED, and sister chromatid cohesion protein PDS5B. Chromatin remodeling by some of these factors is closely related to transcription. The 3rd-Z-4% cargoes include general transcription factor TFIIF (GTF2F1 and 2), TFIIH subunit MAT1, and TBP-associating factor TAF15, and the 2nd-Z-15% cargoes include TFIIH subunit cyclin-H (CCNH) and mediator complex subunit MED15. The sequence-specific transcription factors and cofactors are described above. mRNA capping factors are Imp-β cargoes as described. Thus, many Imp-β cargoes are related to the initial stage of gene expression.

Trn-1 and -2 cargoes {#s2-12}
--------------------

The transcription factor ATF1 was ranked first in both the 2nd- and 3rd-Z-rankings of the Trn-1 and -2 but was ranked low for the other NTRs ([Figure 3](#fig3){ref-type="fig"}; [Supplementary files 3](#SD4-data){ref-type="supplementary-material"} and [5](#SD6-data){ref-type="supplementary-material"}). As described, many of the cargoes that ranked higher in the Trn-1 and -2 2nd- and 3rd-Z-rankings (e.g. hnRNPs) are shared by Trn-1 and -2, but RPs are included only in the Trn-2 3rd-Z-4% cargoes. Additional divergences can be observed between their 2nd-Z-15% cargoes. As expected, their cargoes include many mRNA processing factors, but among them snRNPs are preferentially included in the Trn-2 2nd-Z-15% cargoes ([Figure 7](#fig7){ref-type="fig"}). Actin and actin-related proteins (ARPs), which play roles in chromatin remodeling and transcription ([@bib65]; [@bib74]), proteins related to nuclear division, and tRNA ligases are preferentially Trn-1 cargoes, whereas proteins related to DNA repair and HMG proteins are preferentially Trn-2 cargoes ([Supplementary file 5E](#SD6-data){ref-type="supplementary-material"}).

Imp-4 cargoes {#s2-13}
-------------

In the GO analysis, Imp-4 was linked to DNA metabolic processes, chromosome organization, and related terms ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Consistently, replication factor C subunit 5 (RFC5) and HMG proteins are Imp-4 3rd-Z-4% cargoes, and the 2nd-Z-15% cargoes include DNA polymerase α subunit POLA1, DNA ligase I (LIG1), DNA topoisomerase I (TOP1), SWI/SNF complex subunit SMARCC2, the SWI/SNF-related chromatin regulator SMARCA5, nucleosome remodeling factor subunit BPTF, and FACT complex subunit SPT16 ([Supplementary file 5C and 5E](#SD6-data){ref-type="supplementary-material"}). The participation of the Imp-4 cargoes in chromatin organization is supported by a report that Imp-4 binds to the histone chaperon complex ([@bib61]), although the subunits were not identified in our MS. Imp-4 was also linked to cell cycle in the GO analysis. The Imp-4 3rd-Z-4% cargoes include the regulator of chromosome condensation RCC1 and the Ser/Thr protein kinase PLK1, and the 2nd-Z-15% cargoes include the sister chromatid cohesion protein PDS5 homolog PDS5B. Imp-4 was also linked to programed cell death or apoptosis in the GO analysis. The representative related 3rd-Z-4% cargoes are the death-promoting transcriptional repressor BCLAF1 and the tumor suppressor ARF (CDKN2A), and the 2nd-Z-15% cargoes are ribosomal L1 domain-containing protein 1 (RSL1D1) and apoptosis-inducing factor 1 (AIFM1).

Imp-5 cargoes {#s2-14}
-------------

Few characteristics are unique to the Imp-5 3rd-Z-4% cargo cohort. However, this cohort includes proteins related to ribosome biogenesis, such as rRNA 2\'-O-methyltransferase fibrillarin (FBL), H/ACA ribonucleoprotein complex subunit 1 (GAR1), and the ribosome biogenesis protein BOP1. This group also includes proteins related to nucleosome or chromatin organization, including spindlin-1 (SPIN1), protein DEK, the methyl-CpG-binding domain protein MBD2, and the paired amphipathic helix protein SIN3B ([Supplementary file 5C](#SD6-data){ref-type="supplementary-material"}). SR-rich SFs are also included as described. The Imp-5 2nd-Z-15% cargoes include many ARPs, proteins related to spindle organization or microtubule-based processes, and several CDKs ([Supplementary file 5E](#SD6-data){ref-type="supplementary-material"}). Thus, a portion of the Imp-5 cargoes may be involved in cytokinesis. A number of translation initiation factors (eIFs) and elongation factors, many of which are annotated with nuclear localization ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}), are also among the Imp-5 2nd-Z-15% cargoes.

Imp-7 and -8 cargoes {#s2-15}
--------------------

The cognate NTRs Imp-7 and -8 share many 3rd-Z-4% and 2nd-Z-15% cargoes ([Figure 4](#fig4){ref-type="fig"}; [Supplementary file 5A](#SD6-data){ref-type="supplementary-material"}). The major cargoes of these NTRs are a range of mRNA SFs, but by the third Z-scores, snRNPs were identified only as Imp-7 and not Im-8 cargoes ([Supplementary file 5C](#SD6-data){ref-type="supplementary-material"}). Additional divergences can be observed between the Imp-7 and -8 cargoes ([Supplementary file 5C and 5E](#SD6-data){ref-type="supplementary-material"}). HMG proteins were identified only as Imp-7 3rd-Z-4% and 2nd-Z-15% cargoes, whereas more RPs were identified as Imp-8 cargoes. Proteins related to cell cycle regulation, the mitotic checkpoint protein BUB3, cell division cycle 5-like protein (CDC5L), and CDK12, are included in the Imp-7 3rd-Z-4% cargoes, and the Ser/Thr protein kinase PLK1 is a 2nd-Z-15% cargo, but these proteins are not Imp-8 cargoes. Many eIFs are Imp-8 but not Imp-7 2nd-Z-15% cargoes.

Imp-9 cargoes {#s2-16}
-------------

The Imp-9 cargoes include many RPs and mRNA SFs. Proteins that are important for DNA packaging or nucleosome organization were also identified as Imp-9 cargoes ([Supplementary file 5C and 5E](#SD6-data){ref-type="supplementary-material"}). Histone H2A.Z, which is located in specific regions on chromosome ([@bib71]), is ranked first and third in the third and second Z-scores, respectively. Additionally, the linker histone H1 (H1F0), histone-lysine N-methyltransferase 2A (KMT2A), and the SPT16 and SSRP1 subunits of the FACT complex, which regulates histone H2A.Z ([@bib19]), were also identified as 3rd-Z-4% cargoes. Among the Imp-9 2nd-Z-15% cargoes, other histones, DNA topoisomerase I (TOP1) and IIα (TOP2A), HMG proteins, SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily E member 1 (SMARCE1), and scaffold attachment factor B1 (SAFB) are included.

Imp-11 cargoes {#s2-17}
--------------

Imp-11 was linked to developmental processes in the GO analysis ([Figure 5](#fig5){ref-type="fig"}; [Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}), and few proteins with typical nuclear functions, such as DNA replication, nucleosome organization, and transcription, were found among the Imp-11 3rd-Z-4% cargoes ([Supplementary file 5C](#SD6-data){ref-type="supplementary-material"}). The Imp-11 2nd-Z-15% cargoes include several proteins related to nuclear division, such as Pogo transposable element with ZNF domain (POGZ), α-endosulfine (ENSA), CDK regulatory subunit 2 (CKS2), and the Ser/Thr protein kinase NEK7 ([Supplementary file 5E](#SD6-data){ref-type="supplementary-material"}). Many ARPs, tubulins and their related factors, tRNA ligases, and mRNA SFs are also in the Imp-11 2nd-Z-15% cargoes.

Exp-4 cargoes {#s2-18}
-------------

The subunits of RNAP II elongation factors and mRNA processing factors are the representative Exp-4 cargoes, although they are also cargoes of several other NTRs ([Supplementary file 5C and 5E](#SD6-data){ref-type="supplementary-material"}). PAF1C subunit parafibromin (CDC73) is an Exp-4 3rd-Z-4% cargo, and other PAF1C subunits, that is, PAF1 and RTF1, FACT complex subunits, i.e., SSRP1 and SPT16 (SUPT16H), and elongation complex protein 2 (ELP2) are 2nd-Z-15% cargoes. A variety of mRNA processing factors, including 3'-end processing factors and THO complex subunits, are also Exp-4 3rd-Z-4% and 2nd-Z-15% cargoes. Thus, the factors that act in processes from transcription elongation to mRNA export are included in the Exp-4 cargoes. As discussed for another bi-directional NTR Imp-13, the possibility cannot be denied that the identified Exp-4 candidate cargoes include export cargoes.

Seemingly non-nuclear proteins {#s2-19}
------------------------------

A number of nucleoporins (NUPs), which are the components of the NPC, were identified as cargoes. Increasing evidence demonstrates that the import of NUPs through NPCs is important for gene expression ([@bib5]). Moreover, many mitochondrial proteins are highly ranked. These proteins preferentially localize to the mitochondria due to chaperon-regulated or cotranslational mechanisms in vivo and might interact with NTRs in the in vitro transport system. The transport system contains cytosolic extract and unlabeled (light) mitochondrial proteins in it could be imported if they interact with NTRs. The (L/H~+NTR~)/(L/H~Ctl~) values of them can be calculated, because LC-MS/MS can quantify low levels of labeled (heavy) proteins whether they are endogenous to the recipient nuclei or residual after washing. Thus, mitochondrial proteins with high (L/H~+NTR~)/(L/H~Ctl~) values are imported proteins even if the import is fortuitous. Nuclear localization is annotated to many mitochondrial proteins ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}), and actual nuclear localization is possible as in the cases of AIFM1 and ATFS-1 ([@bib41]; [@bib58]). As was the case with the high-throughput cargo identification of the export receptor Exp-1 (CRM1) ([@bib20]), our method identified other seemingly cytoplasmic proteins as cargoes. We did not detect direct binding between the NTRs and some of these cytoplasmic proteins, for example, Ras-related Rab family proteins and S100 proteins, in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}), but nuclear import by indirect binding is still possible.

Additional remarks {#s2-20}
------------------

Here, we have presented the first complete picture of nuclear import via the 12 importin pathways. The 12 pathways must serve distinct roles because the NTRs are linked to different cellular processes by their cargoes. However, the cargoes are intricately allocated to the NTRs, and each NTR is linked to multiple cellular processes. The biological functions of NTRs designated in this work should be further clarified in future experiments.

We used HeLa nuclear extract as the cargo source, but it might not reconstitute all NTR--cargo interactions precisely because proteins in the nuclear extract might have different modifications or binding partners from those in cytoplasm where NTRs bind to cargoes in vivo. Some reported cargoes were ranked lower in the 2nd- and 3rd-Z-ranking, and it might be attributable to these differences of protein states. Alternatively, the transport capacity of our in vitro transport system might not be enough to identify all the cargoes, especially those with low transport efficiency. To reach a definitive conclusion, experiments in vivo might be needed.

We could not find any novel motifs that may serve as NTR-binding sites on the identified cargoes using the ungapped motif search method of MEME ([@bib2]). A more extensive search for such motifs and higher order structures using alternative methods is currently underway.

Materials and methods {#s3}
=====================

SILAC-Tp {#s3-1}
--------

SILAC-Tp has previously been described in detail ([@bib27]), but we provide a brief description here. HeLa-S3 cytosolic and nuclear extracts were depleted of Imp-β family NTRs with phenyl-Sepharose (GE healthcare), and the nuclear extract was subsequently depleted of RCC1 with a Ran-affinity method and concentrated. The extracts were dialyzed against transport buffer (TB, 20 mM HEPES--KOH (pH 7.3), 110 mM KOAc, 2 mM MgOAc, 5 mM NaOAc, 0.5 mM EGTA, 2 mM DTT, and 1 μg/mL each of aprotinin, pepstatin A, and leupeptin). Adherent HeLa-S3 cells were labeled with u-^13^C~6~ Lys and u-^13^C~6~ Arg by SILAC ([@bib43]) and seeded onto a glass plate. After rinsing in ice cold TB, the cells were permeabilized with 40 μg/mL digitonin in TB for 5 min on ice and then rinsed again. The permeabilized cells were pretreated with 4 μM RanGDP and an ATP regeneration system in TB for 20 min at 30°C to remove the residual Imp-β family NTRs and then rinsed. The cells were incubated in transport mixture (50% cytosolic extract, 10% nuclear extract, 1 μM p10/NTF2, and ATP regeneration system in TB) with (+NTR) or without (Ctl) 0.3--0.7 μM of one NTR for 20 min at 30°C for the import reaction. (The NTR concentrations were optimized using the recombinant cargoes presented in [Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}.) After rinsing, the cells were incubated in extract mixture (50% cytosolic extract and ATP regeneration system in TB) for 20 min at 30°C and rinsed with NaCl-TB (TB containing 110 mM NaCl instead of KOAc) to remove the nonspecifically binding proteins. To extract the proteins, the cells were suspended in nuclear buffer (20 mM Tris--HCl, pH 8.0, 420 mM NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 2 mM DTT, and 1 μg/mL each of aprotinin, pepstatin A, and leupeptin), sonicated, and centrifuged.

Actually, the transport reactions for two NTRs were simultaneously performed with one control reaction and triplicated. The simultaneously processed NTRs were Imp-β and Imp-13, Trn-1 and -2, Imp-7 and -8, Imp-9 and -11, and Imp-5 and Trn-SR, and the reactions for Imp-4 and Exp-4 were performed individually with controls.

Peptide analysis by LC-MS/MS {#s3-2}
----------------------------

After the in vitro transport reaction, 25 μg each of the extracted proteins was concentrated by acetone precipitation, reduced with DTT, and alkylated with iodoacetamide. The proteins were digested with trypsin and Lys-C endopeptidase (enzyme/substrate ≈ 1/50) for 16 hr at 37°C. The peptides were evaporated to dryness, dissolved in Solvent-1 (0.1% TFA and 15% CH~3~CN), and fractionated on Empore Cation Exchange-SR (3M, Maplewood, Minnesota). For the fractionation, the support was stacked manually inside the tapered end of a micropipette tip, the tip was fixed into the punched lid of a microtube, and the liquids were run by centrifugation ([@bib73]). The resin was sequentially washed by ethanol and Solvent-1 containing 500 mM ammonium acetate and equilibrated with Solvent-1, and the peptides were then applied. After washing in Solvent-1, the peptides were eluted stepwise by Solvent-1 containing 125, 250, and 500 mM ammonium acetate and Solvent-2 (5% NH~4~OH, 30% methanol, and 15% CH~3~CN). The eluates were evaporated to dryness, and the peptides were dissolved in 0.1% TFA and 2% CH~3~CN.

The peptides were applied to a liquid chromatograph (LC) (EASY-nLC 1000; Thermo Fisher Scientific, Waltham, Massachusetts) coupled to a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) with a nanospray ion source in positive mode. The LC was performed on a NANO-HPLC capillary column C18 (75 μm x 150 mm, 3 μm particle size, Nikkyo Technos, Tokyo) at 45°C. The peptides were eluted with a 100-min 0--30% CH~3~CN gradient and a subsequent 20-min 30--65% gradient in the presence of 0.1% formic acid at a flow rate of 300 nL/min. The Q Exactive-MS was operated in the top-10 data-dependent scan mode. The parameters for the Q Exactive operation were as follows: spray voltage, 2.3 kV; capillary temperature, 275°C; mass range (m/z), 350--1800; and normalized collision energy, 28%. The raw data were acquired with Xcalibur (RRID:[SCR_014593](https://scicrunch.org/resolver/SCR_014593); ver. 2.2 SP1).

Protein identification and quantitation {#s3-3}
---------------------------------------

The MS and MS/MS data were searched against the Swiss-Prot database (2014_07--2016_01) using Proteome Discoverer (RRID:[SCR_014477](https://scicrunch.org/resolver/SCR_014477); ver. 1.4, Thermo Fisher Scientific) with the MASCOT search engine software (RRID:[SCR_014322](https://scicrunch.org/resolver/SCR_014322); ver. 2.4.1, Matrix Science, London). The search parameters were as follows: taxonomy, *Homo sapiens*; enzyme, trypsin; static modifications, carbamidomethyl (Cys); dynamic modifications, oxidation (Met); precursor mass tolerance, ±6 ppm; fragment mass tolerance, ±20 mDa; maximum missed cleavages, 1; and quantitation, SILAC (R6, K6). The proteins were considered identified when their false discovery rates were less than 5%. The SILAC L/H ratios were also calculated by Proteome Discoverer (ver. 1.4) with the default setting: show the raw quan values, false; minimum quan value threshold, 0; replace missing quan values with minimum intensity, false; use single-peak quan channels, false; apply quan value corrections, true; reject all quan values if not all quan channels are present, false; fold change threshold for up-/down-regulation, 1.5; maximum allowed fold change, 100; use ratios above maximum allowed fold change for quantification, false; percent co-isolation excluding peptides from quantification, 100; protein quantification, use only unique peptides; experimental bias, none. Proteins with L/H count ≥1 were included in further analysis. The L/H counts are shown in [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}. To access the mass spectrometry data, see below.

From the SILAC quantitation values of the control and +NTR reactions, the +NTR/Ctl = (L/H~+NTR~)/(L/H~Ctl~) ratio of each protein was calculated, and the Z-score of the log~2~(+NTR/Ctl) of each protein was calculated within each replicate.$$Z - score = (X - \mu)/\sigma$$

where $X$ is $log_{2}( + NTR/Ctl) = log_{2}\lbrack(L/H_{+ NTR})/(L/H_{Ctl})\rbrack$ of each protein, $\mu$ is the mean of $X$, and $\sigma$ is the standard deviation of $X$.

Reported cargo rate and recall {#s3-4}
------------------------------

To calculate reported cargo rate (a lower bound on precision) and recall (sensitivity), we used the 27 and 25 reported cargoes of Trn-1 as the positive examples of the 2nd- and 3rd-Z-rankings, respectively. We do not have explicit labeling of negative examples. Most likely some portion of the proteins not reported as cargoes are genuine cargoes, but it is difficult to estimate that portion. Therefore, as a rough guide we tallied statistics under two simple assumptions: (i) that all proteins not reported as cargoes should be treated as negative examples and (ii) that in the proteins not reported as cargoes, proteins annotated in Uniprot (RRID:[SCR_002380](https://scicrunch.org/resolver/SCR_002380)) as having non-nuclear subcellular localization should be treated as negative examples and the other proteins excluded from the analysis (treated as neither positive nor negative). The first definition yielded 1622 and 1210 negative examples in the 2nd- and 3rd-Z-ranking, respectively, and the second definition 259 and 178 in the 2nd- and 3rd-Z-ranking, respectively. Since the first definition is maximally pessimistic, it allows estimation of an upper bound on the rate of false positives, while the second definition is more optimistic.$$Reported\, cargo\, rate(i) = p(i)/\lbrack p(i) + n(i)\rbrack$$$$Recall(i) = p(i)/P$$

where $p(i)$ denotes the number of previously reported cargoes (a lower bound on the number of positive examples) and $n(i)$ denotes the number of negative examples in the top i%; while $P$ denotes the total number of previously reported cargoes.

Gene ontology analysis {#s3-5}
----------------------

GO (RRID:[SCR_002811](https://scicrunch.org/resolver/SCR_002811)) analyses were performed using g:Profiler (RRID:[SCR_006809](https://scicrunch.org/resolver/SCR_006809); r1488-1536_e83_eg30) ([@bib50]). The search parameters were the following: organism, *Homo sapiens*; significance threshold, g:SCS; statistical domain size, all known genes; GO version, GO direct 2015-12-09 to 2016-01-21, releases/2015-12-08.

Phylogenetic analysis of the 12 Imp-β family NTRs {#s3-6}
-------------------------------------------------

The phylogeny was inferred by maximum likelihood using RAxML (RRID:[SCR_006086](https://scicrunch.org/resolver/SCR_006086); ver. 8.1.17) ([@bib57]) with 1000 bootstrap replicates and the LG model with gamma-distributed rate variation. The amino acid sequences were aligned using Clustal Omega (RRID:[SCR_001591](https://scicrunch.org/resolver/SCR_001591); ver. 1.2.0) ([@bib54]) with the default parameters, and the resulting multiple alignments were trimmed using trimAl (ver. 1.2) ([@bib6]) in gappyout mode.

Hierarchical clustering of the 11 Imp-β family NTRs based on the degree of overlap of the 3rd-Z-4% cargoes {#s3-7}
----------------------------------------------------------------------------------------------------------

We performed a hierarchical clustering of the Imp-β family NTRs based on their cargo profile similarities using Ward\'s method with Euclidean distance as implemented in the software R (RRID:[SCR_001905](https://scicrunch.org/resolver/SCR_001905); [@bib48]). Here, we omitted Imp-β because its cargoes include many Imp-α-dependent indirect cargoes. To define a cargo profile for each NTR, we first defined a set of cargoes by merging the 3rd-Z-4% cargoes of the 11 NTRs other than Imp-β, which yielded a total of 426 cargoes. We then defined length 426 binary vectors for each NTR with a 1 for each cargo in the top 4% list and a 0 otherwise and input these 11 vectors into R to perform the clustering.

Bead halo assay {#s3-8}
---------------

The proteins and *Escherichia coli* extracts were prepared as described ([@bib25]). The bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}) were performed as described ([@bib44]). Briefly, GST or GST-NTR was immobilized on glutathione-Sepharose (GE healthcare), and mixed with an extract of *E. coli* expressing a GFP-fusion protein in EHBN buffer (10 mM EDTA, 0.5% 1,6-hexanediol, 10 mg/mL bovine serum albumin, and 125 mM NaCl), and the binding was observed by fluorescent microscopy. The GTP-fixed mutant of Ran Q69L-Ran, which inhibits specific NTR--cargo interactions, was added to determine the specificity of the binding. The expression and degradation levels of the GFP-fusion proteins were analyzed, and the concentrations of GFP-moieties were quantified by triplicate quantitative Western blotting of the extracts with an anti-GFP antibody. Because the GFP-moiety weakly bound to GST-Trn-1, GST-Trn-2, and GST-Trn-SR in the bead halo assay, the concentrations of the GFP-fusion proteins and GFP (control) were equalized, and images were acquired and processed under identical condition. In contrast, because the GFP-moiety does not bind to GST-Imp-13, GST-Imp-β, or GST-Imp-α, the control reaction mixture for these NTRs contained higher concentration of GFP than any other GFP-fusion proteins. Three images (GST, GST-NTR, and GST-NTR + Q69L-Ran) for each GFP-fusion protein were acquired under identical conditions, and the background intensities and dynamic ranges were equalized.

Cell line {#s3-9}
---------

HeLa-S3 (RRID:[CVCL_0058](https://scicrunch.org/resolver/CVCL_0058); mycoplasma, not detected) was obtained from Dr. Fumio Hanaoka (RIKEN).

Antibodies {#s3-10}
----------

See [Supplementary file 12B](#SD13-data){ref-type="supplementary-material"}.

GFP-fusion proteins used for in vitro transport {#s3-11}
-----------------------------------------------

The GFP-fusion proteins used in [Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"} were prepared as described ([@bib25]). For accessions and references, see [Supplementary file 12B](#SD13-data){ref-type="supplementary-material"}. The SOX2 cDNA (pF1KB9652) was from Kazusa DNA Res. Inst. (Kisarazu, Japan), and the others were cloned from a HeLa cDNA library (SuperScript, Life Technology) by PCR.

Database deposition {#s3-12}
-------------------

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (RRID:[SCR_004055](https://scicrunch.org/resolver/SCR_004055); <http://www.proteomexchange.org/>) via the PRIDE (RRID:[SCR_003411](https://scicrunch.org/resolver/SCR_003411); [@bib66]) partner repository with the dataset identifier PXD004655.

The .msf and .raw data files of each experiment summarized in [Supplementary file 1](#SD2-data){ref-type="supplementary-material"} are listed in [Supplementary file 12A](#SD13-data){ref-type="supplementary-material"}. The protein and peptide quantitation results can be seen by opening .msf files by Proteome Discoverer software. To see spectra and chromatograms, .msf files and corresponding .raw files must be in the same local directory. A demo version of Proteome Discoverer can be downloaded at the Thermo Scientific omics software portal site (<https://portal.thermo-brims.com/>).

Funding Information
===================

This paper was supported by the following grants:

-   http://dx.doi.org/10.13039/501100001691Japan Society for the Promotion of Science KAKENHI,15K07064 to Makoto Kimura.

-   http://dx.doi.org/10.13039/501100006264RIKEN FY2014 Incentive Research Project to Makoto Kimura.

-   http://dx.doi.org/10.13039/100009619Japan Agency for Medical Research and Development Platform Project for Supporting in Drug Discovery and Life Science Research to Kenichiro Imai.

-   http://dx.doi.org/10.13039/501100001691Japan Society for the Promotion of Science KAKENHI,26251021 to Naoko Imamoto.

-   http://dx.doi.org/10.13039/501100001691Japan Society for the Promotion of Science KAKENHI,26116526 to Naoko Imamoto.

-   http://dx.doi.org/10.13039/501100001691Japan Society for the Promotion of Science KAKENHI,15H05929 to Naoko Imamoto.

We thank Martin Beck, Alessandro Ori, and Kentaro Tomii for helpful discussion, Masahiro Oka for a supporting experiment, Shoko Motohashi and Ai Watanabe for technical assistance, and Hiroshi Mamada for a plasmid. We also thank the Support Unit for Bio-Material Analysis, RIKEN BSI Research Resource Center, especially Kaori Otsuki, Masaya Usui, and Aya Abe for MS analysis. This work was supported by JSPS KAKENHI Grant Number 15K07064 and a RIKEN FY2014 Incentive Research Project to MK, KAKENHI Grant Numbers 26251021, 26116526, and 15H05929 to NI, and the Platform Project for Supporting in Drug Discovery and Life Science Research (Platform for Drug Discovery, Informatics, and Structural Life Science) from the Japan Agency for Medical Research and Development (AMED) to KI.

Additional information {#s4}
======================

The authors declare that no competing interests exist.

MK, Conceptualization, Formal analysis, Funding acquisition, Investigation, Visualization, Methodology, Writing---original draft, Project administration, Writing---review and editing.

YM, Formal analysis, Investigation, Visualization, Writing---review and editing.

KI, Formal analysis, Funding acquisition, Investigation, Visualization, Methodology, Writing---review and editing.

SK, Conceptualization, Resources, Methodology, Writing---review and editing.

PH, Supervision, Validation, Investigation, Methodology, Writing---review and editing.

NI, Conceptualization, Supervision, Funding acquisition, Validation, Project administration, Writing---review and editing.

Additional files {#s5}
================

10.7554/eLife.21184.017

###### Results of SILAC-Tp.

Each sheet contains the result of SILAC-Tp with one of the 12 NTRs. The proteins that exhibited $+ NTR/Ctl = (L/H_{+ NTR})/(L/H_{Ctl})$ values at least once in the three replicates (Experiments 1--3) are listed with the ${log}_{2}\lbrack(L/H_{+ NTR})/(L/H_{Ctl})\rbrack$ values. The second and third Z-scores and the ranks according to those scores are also presented. The 2nd-Z-15% and 3rd-Z-4% cargoes are indicated in cyan. The LC-MS/MS quantitation data for each replicate (Experiments 1--3) are also included. Light/Heavy, the median of quantified L/H values; Light/Heavy count, the number of quantified values; Light/Heavy variability, coefficient-of-variation for log-normal distributed data. ^a^Report: The proteins listed by [@bib7] are regarded as reported cargoes, and the references are provided in the Legend sheet. For Imp-β, only direct cargoes are listed. For Trn-2, the reported Trn-1 cargoes are listed. ^b^Direct Binding: The results of the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}) are summarized. ++ or +, positive; ± or --, negative. ^c^GO Nucleus: Annotated with 'nucleus' in Gene Ontology (term type, cellular component). The rows can be sorted into preferable orders with Excel. To access the mass spectra, chromatograms, or raw data, see [Supplementary file 12A](#SD13-data){ref-type="supplementary-material"}. **Statistics:** For each experiment, the number of proteins assigned with ${log}_{2}\lbrack(L/H_{+ NTR})/(L/H_{Ctl})\rbrack$ values (proteins assigned with Z-scores), the mean and standard deviation (S.D.) of ${log}_{2}\lbrack(L/H_{+ NTR})/(L/H_{Ctl})\rbrack$ are listed. $Z - score = (X - \mu)/\sigma$ where $X = {log}_{2}\lbrack(L/H_{+ NTR})/(L/H_{Ctl})\rbrack$ of each protein, $\mu$ is the mean of X in one experiment, and $\sigma$ is the S.D. of $X$﻿.

**DOI:** [http://dx.doi.org/10.7554/eLife.21184.017](10.7554/eLife.21184.017)
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###### NTR--cargo direct binding.

The direct binding of the candidate cargoes to the NTRs was analyzed by bead halo assay. From well-characterized proteins that have not been reported as cargoes, (i) proteins ranked high (within the top 15% in the 2nd-Z-rankings or 4% in the 3rd-Z-rankings), around presumptive cutoffs (within about top 15--25% in the 2nd-Z-rankings), or lower and (ii) highly ranked proteins that are suspected as indirect cargoes or false positives based on their well-known features, e.g., PMPCA, GALE, UAP1, NQO2, EEF1A2, RAB2A, RAB8A, S100A4, S100A6, S100A13, and S100P, were selected and analyzed. Proteins in (i) verify the cargo identification and cutoff setting, and proteins in (ii) serve for finding indirect cargoes and false positives. The negative rate of these bead halo assays should be higher than the true overall false positive rate of the SILAC-Tp, because proteins in (ii) were selected preferentially. GST or GST-NTR was attached to glutathione-Sepharose beads, mixed with an extract of *E. coli* expressing GFP or a GFP-fusion protein, and observed by fluorescence microscopy. Q69L-Ran, which inhibits the NTR--cargo functional binding, was added as appropriate. The contrast of the bead fluorescence between the GST and GST-NTR indicates the binding, and the inhibition of this binding by Q69L-Ran certifies the specificity of the binding; ++ or +, positive; ± or --, negative. **Summary of the results** (p2--5): The results are summarized in both 2nd- and 3rd-Z-rank order. The 2nd-Z-15% and 3rd-Z-4% cargoes are indicated by cyan, and positive binding (++ or +) is indicated by blue. **Trn-1** (p6--8): The GFP-fusion proteins were divided into five groups (A--E) according to the expression levels. Because GFP binds weakly to Trn-1, the concentrations of GFP (control) and GFP-fusion proteins were equalized within each group, and the binding was observed in the same conditions. The images are comparable within a group. **Trn-2** (p9): GFP weakly binds to Trn-2, and the concentrations of GFP and GFP-fusion proteins were equalized. The images are comparable. Proteins whose ranks differed substantially between the Trn-1 and Trn-2 Z-ranking were assayed. **Imp-13** (p10--13): GFP does not bind to Imp-13, and GFP was added to the control mixture at the highest concentration. Three images (GST, GST-Imp-13, and GST-Imp-13 + Q69L-Ran) for each GFP-fusion protein were acquired under identical conditions, and the background intensities and dynamic ranges were equalized. **Trn-SR** (p14--16): GFP weakly binds to Trn-SR, and the procedures were similar to those used for Trn-1. The GFP-fusion proteins were divided into four groups (A--D), and the images are comparable within a group. **Imp-α/β** (p17--20): GFP does not bind to Imp-α or -β, and the procedures were similar to those used for Imp-13. GST-Imp-α~2~ lacks the N-terminal Imp-β-binding domain. **Western blotting** (p21--22): The GFP-fusion proteins in the *E. coli* extracts were relatively quantified by Western blotting using an anti-GFP antibody (Roche). The extracts containing the amounts of protein (ng) indicated at the bottoms were loaded. The arrowheads indicate the expected full-length products. The GFP-moieties including those of the partial products were quantified by chemiluminescence. GFP was used as the standard. The Western blots were replicated more than three times. **Accessions and sequences** (p23--27): The cDNAs were cloned from a HeLa cDNA library by PCR. The accession numbers of the proteins are listed. If the sequence of a used protein is different from that in the database, the deleted, substituting, or inserted amino acids are indicated by the colors. The sequences that matched perfectly are not presented.

**DOI:** [http://dx.doi.org/10.7554/eLife.21184.018](10.7554/eLife.21184.018)
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###### The 2nd-Z-15% cargoes of the 12 NTRs.

The 2nd-Z-15% cargoes of each NTR are listed by the gene names in the 2nd-Z-rank orders. The ranks by the third Z-scores are also shown. Cyan in the rank columns indicates the 2nd-Z-15% and 3rd-Z-4% cargoes. Colors in the gene name columns: magenta, reported cargoes; blue, cargoes bound directly to the NTR in the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}); light blue, cargoes bound directly to Imp-α but not Imp-β; gray, proteins that did not bind to the NTRs; yellow, Imp-α; and green, reported export cargoes. For the 3rd-Z-4% cargoes, see [Figure 3](#fig3){ref-type="fig"}.

**DOI:** [http://dx.doi.org/10.7554/eLife.21184.019](10.7554/eLife.21184.019)
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###### Example of extracted ion chromatograms (EICs) of peptides.

**EICs of GLUD1 peptides in the SILAC-Tp with Trn-1:** As a general problem of high-throughput LC-MS/MS quantitation, quantitative values of proteins with fewer quantified peptides deviate among the replicates. Referring to EICs of the quantified peptides is useful to avoid misidentification of cargoes. For example, the L/H ratios of a Trn-1 2nd-Z-15% cargo GLUD1 (P00367, ranked 110th and 342nd by the second and third Z-score, respectively) deviated largely in the three replicates of SILAC-Tp with Trn-1 ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}). Panels (A--H) show EICs of the indicated peptide (trypsin targets, K and R, are written in lower cases) in the three (three Ctl and there +Trn) experiments (some peptides were not identified in all the experiments). Magenta letters indicate the quantified peptides and L/H rations. In panel (A), the elution time of the peptide TAMkYNLGLDLr differs largely between the expriment-1 Ctl and experiment-2 +Trn-1, the peak shape of the experiment-2 +Trn-1 is irregular, and the L/H ratio of it is much higher than those of other peptides in +Trn-1 experiments (B and E). Thus, there is concern about misidentification. Because the L/H count of GLUD1 in the experiment-2 +Trn-1 is two (TAMkYNLGLDLr and NLNHVSYGr, A and B) and the L/H ratio of a protein is defined as the median, the L/H ratio of GLUD1 in the expriment-2 +Trn-1 is affected by the L/H ratio of TAMkYNLGLDLr. Exclusion of the L/H ratio of TAMkYNLGLDLr in the experiment-2 +Trn-1 lowers the Z-score rank of GLUD1 significantly. In panel (C), the chromatogram of the peptide HGGTIPIVPTAEFQDr in the experiment-1 Ctl has an irregular peak, and the L/H ratio of it is much higher than those of other peptides in the Ctl experiments (A--H). Thus, overlap with other peptide or other failures may be possible. However, the L/H count of GLUD1 in the experiment-1 Ctl is four (TAMkYNLGLDLr, HGGTIPIVPTAEFQDr, ALASLMTYk, and GASIVEDkLVEDLr) and the value of HGGTIPIVPTAEFQDr does not affect the median. (The L/H ratio of TAMkYNLGLDLr, whose EIC differ between the experiment-1 Ctl and expriment-2 +Trn in (A) as mentioned above, may affect the L/H ratio of GLUD1 in the experiment-1 Ctl, but we assumed that it is reliable.) As above, the L/H ratios of proteins with low L/H counts ([Supplementary file 1](#SD2-data){ref-type="supplementary-material"}) may be affected by LC-MS/MS artifacts, and misidentification can be avoided by referring to the EICs. All the EICs and MS spectra in this work can be accessed by downloading the mass spectrometry data and Proteome Discoverer software (see the Materials and methods and [Supplementary file 12A](#SD13-data){ref-type="supplementary-material"}).
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###### Redundancy of NTRs: Cargoes shared by NTRs.

\(A\) The numbers of the 2nd-Z-15% cargoes shared by two NTRs. For the 3rd-Z-4% cargoes, see [Figure 4](#fig4){ref-type="fig"}. (B) Redundancy of the 3rd-Z-4% cargoes. Many proteins are included in the 3rd-Z-4% cargoes of multiple NTRs. The ranks of these cargoes in the 3rd-Z-rankings for all 12 NTRs are presented. (C) Relationships between the NTRs and the characteristics of their 3rd-Z-4% cargo proteins. The 3rd-Z-4% cargoes are grouped according to their characteristics (functions or biological processes that the proteins act in), and their ranks are presented as in (B). To make our points clear, typical terms for the protein characteristics and typical proteins related to the terms have been selected with reference to Gene Ontology (GO) and UniProt. Thus, the terms in this sheet are slightly different from those in the databases, fewer proteins than annotated in the databases are grouped, and the list is redundant. For the complete linkages between the GO terms and the 3rd-Z-4% cargoes, see [Supplementary file 7](#SD8-data){ref-type="supplementary-material"}. (D) Redundancy of the 2nd-Z-15% cargoes. The ranks of the 2nd-Z-15% cargoes are presented as in (B). (E) Relationships between the NTRs and the characteristics of their 2rd-Z-15% cargo proteins. The 2nd-Z-15% cargoes are grouped, and their ranks are presented in a manner similar to that in (C). For the complete linkages between the GO terms and the 2nd-Z-15% cargoes, see [Supplementary file 8](#SD9-data){ref-type="supplementary-material"}.
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###### GO term enrichments of the identified cargoes.

\(A\) Extraction of the GO term enrichments of the 2nd-Z-15% cargoes. The 2nd-Z-15% cargoes were analyzed for GO term enrichment in (C). The terms that were significantly enriched (p\<0.05, cyan) in the 2nd-Z-15% cargoes of four or fewer NTRs were selected, and terms that represent many similar terms are presented. With the p-values, the numbers (\#) of cargoes annotated with each of the terms are presented. Total No. represents the number of proteins annotated with each term in the database. Related terms are bundled in the same color. For the 3rd-Z-4% cargoes, see [Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}. The correspondences between each 2nd-Z-15% cargo and GO term are summarized in [Supplementary file 10](#SD11-data){ref-type="supplementary-material"}. All the GO terms annotated to the 2nd-Z-15% cargoes are listed in [Supplementary file 8](#SD9-data){ref-type="supplementary-material"}. (B) Full table of the GO term enrichments of the 3rd-Z-4% cargoes. The 3rd-Z-4% cargoes were analyzed for GO term enrichment. For all combinations of GO terms and NTRs, the p-values for the term enrichments in the 3rd-Z-4% cargoes and the numbers (\#) of cargoes annotated with the terms are presented. The numbers following '\# in' are the total numbers of 3rd-Z-4% cargoes. Total No. represents the number of proteins annotated with each term in the database. Cyan, p\<0.05. [Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} were extracted from this table. This table was derived from [Supplementary file 7](#SD8-data){ref-type="supplementary-material"}, and see [Supplementary file 7](#SD8-data){ref-type="supplementary-material"} to retrieve the protein accessions. (C) Full table of the GO term enrichments of the 2nd-Z-15% cargoes. The 2nd-Z-15% cargoes were analyzed and are presented in a manner similar to that in (B). (A) was extracted from this table. This table was derived from [Supplementary file 8](#SD9-data){ref-type="supplementary-material"}, and see [Supplementary file 8](#SD9-data){ref-type="supplementary-material"} to retrieve the protein accessions.

**DOI:** [http://dx.doi.org/10.7554/eLife.21184.022](10.7554/eLife.21184.022)

10.7554/eLife.21184.023

###### The 3rd-Z-4% cargoes annotated with GO terms.

With respect to each NTR, the accessions of the 3rd-Z-4% cargoes annotated with each GO term are listed. Cyan, significant term enrichment (p\<0.05) in the 3rd-Z-4% cargoes of the NTR. Total No. represents the number of proteins annotated with each term in the database. [Supplementary files 6B](#SD7-data){ref-type="supplementary-material"} and [9](#SD10-data){ref-type="supplementary-material"} were derived from this table. For the 2nd-Z-15% cargoes, see [Supplementary file 8](#SD9-data){ref-type="supplementary-material"}.
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###### The 2nd-Z-15% cargoes annotated with GO terms.

With respect to each NTR, the accessions of the 2nd-Z-15% cargoes annotated with each GO term are listed. Cyan, significant term enrichment (p\<0.05) in the 2nd-Z-15% cargoes of the NTR. Total No. represents the number of proteins annotated with each term in the database. [Supplementary files 6C](#SD7-data){ref-type="supplementary-material"} and [10](#SD11-data){ref-type="supplementary-material"} were derived from this table. For the 3nd-Z-4% cargoes, see [Supplementary file 7](#SD8-data){ref-type="supplementary-material"}.
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###### Correspondences between the 3rd-Z-4% cargoes and GO terms.

Each sheet shows the correspondences between the 3rd-Z-4% cargoes of one NTR and selected GO terms. A term annotation to a cargo is indicated by '1' in the corresponding cell. Reported cargoes are indicated by magenta in the gene name cells, and the results of the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}) are also indicated by colors in the gene name cells: blue, cargoes directly bound to the NTR; light blue, cargoes directly bound to Imp-α but not Imp-β; gray, proteins that did not bind to the NTR. GO terms that represent many similar terms were selected from the terms enriched significantly (p\<0.05) for the 3rd-Z-4% cargoes of each NTR, and broadly defined terms were deselected. Magenta and orange in the term ID cells indicate terms that are significantly enriched for the cargoes of four or fewer NTRs, and of them magenta indicates the terms presented in [Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}. Related GO terms are bundled in the same color, and different colors are used to distinguish the columns easily. The NTRs added in the transport reactions (white in the rank cells) were not analyzed. This table was derived from [Supplementary file 7](#SD8-data){ref-type="supplementary-material"}. For 2nd-Z-15% cargoes, see [Supplementary file 10](#SD11-data){ref-type="supplementary-material"}.
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###### Correspondences between the 2nd-Z-15% cargoes and GO terms.

Each sheet shows the correspondences between the 2nd-Z-15% cargoes of one NTR and selected GO terms. A term annotation to a cargo is indicated by '1' in the corresponding cell. Reported cargoes are indicated by magenta in the gene name cells, and the results of the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}) are also indicated by colors in the gene name cells: blue, cargoes directly bound to the NTR; light blue, cargoes directly bond to Imp-α but not Imp-β; gray, proteins that did not bind to the NTR. GO terms that represent many similar terms were selected from the terms enriched significantly (p\<0.05) for the 2nd-Z-15% cargoes of each NTR, and broadly defined terms were deselected. Magenta and orange in the term ID cells indicate terms that are significantly enriched for the cargoes of four or fewer NTRs, and of them magenta indicates the terms presented in [Supplementary file 6A](#SD7-data){ref-type="supplementary-material"}. Related GO terms are bundled in the same color, and different colors are used to distinguish the columns easily. The NTRs added in the transport reactions (white in the rank cells) were not analyzed. This table was derived from [Supplementary file 8](#SD9-data){ref-type="supplementary-material"}. For 3rd-Z-4% cargoes, see [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}.
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###### mRNA processing factors, ribosomal proteins, and transcription factors.

\(A\) Ranks of mRNA processing factors. All of the 2nd-Z-15% and 3rd-Z-4% cargoes that are annotated with mRNA processing in Gene Ontology (GO) are listed with the ranks in the 2nd- and 3rd-Z-rankings. The color scale is set by percentile rank as indicated. [Figure 7](#fig7){ref-type="fig"} was extracted from this table. (B) The 3rd-Z-rankings of ribosomal proteins. The ranks of the ribosomal proteins in the 3rd-Z-rankings of the 12 NTRs are presented. The color scale is set by percentile rank as indicated. For the 2nd-Z-rankings, see [Figure 8](#fig8){ref-type="fig"}. (C) Extracts of the GO term enrichments of the transcription factors found in the 2nd-Z-15% cargoes. Seventeen to 36 proteins in the 2nd-Z-15% cargoes of each NTR are annotated with 'transcription factor activity, sequence-specific DNA binding\' or 'transcription factor activity, protein binding' in GO. The factors were analyzed for GO term enrichment (term type, biological process, BP) in (D). Typical terms that represent similar terms were extracted from (D). The p-value for the term enrichment and the number (\#) of factors annotated with the term are presented. Total No. represents the number of proteins annotated with each term in the database. Cyan, p\<0.05. Related terms are bundled in the same color. (D) Full table of the GO term enrichments of the transcription factors found in the 2nd-Z-15% cargoes. The 2nd-Z-15% cargoes that are annotated with 'transcription factor activity, sequence-specific DNA binding\" or 'transcription factor activity, protein binding' in GO were analyzed for GO term enrichment (term type, BP). The analyzed transcription factors are listed at the bottom. For all of the combinations of GO terms and NTRs, the p-value for the term enrichment and the number (\#) of transcription factors annotated with the term are presented. The numbers following '\# in' are the total numbers of transcription factors in the 2nd-Z-15% cargoes. Total No. represents the number of proteins annotated with each term in the database. Cyan, p\<0.05. (C) was extracted from this table. (E) SRSRSR motif in the 3rd-Z-4% cargoes. The 3rd-Z-4% cargoes that contain an 'SRSRSR' hexa-peptide sequence were counted.
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###### MS data files, recombinant cargoes, and antibodies.

(**A**) MS data files. The mass spectrometry proteomics data (.msf and .raw files) have been deposited to the ProteomeXchange Consortium (<http://www.proteomexchange.org/>) with the dataset identifier PXD004655. The results of protein and peptide identification and quantitation are summarized in Supplementary file 1, and the .msf and .raw data files corresponding to each experiment in Supplementary file 1 are listed in this table. The quantitation results can be seen by opening .msf files by Proteome Discoverer software. To see spectra and chromatograms, .msf files and corresponding .raw files must be in the same local directory. A demo version of Proteome Discoverer can be downloaded at the Thermo Scientific omics software portal site (<https://portal.thermo-brims.com/>). (**B**) GFP-fusion proteins used for in vitro transport and antibodies.

**DOI:** [http://dx.doi.org/10.7554/eLife.21184.028](10.7554/eLife.21184.028)
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Decision letter

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Extensive cargo identification reveals distinct biological roles of the 12 importin pathways\" for consideration by *eLife*. Your article has been favorably evaluated by James Manley (Senior Editor) and three reviewers, one of whom, Karsten Weis (Reviewer \#1), is a member of our Board of Reviewing Editors. The following individuals involved in review of your submission have agreed to reveal their identity: Yuh Min Chook (Reviewer \#2); John D Aitchison (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In this manuscript, Kimura and colleagues employ a functional in vitro transport assay combined with SILAC-based mass spectrometry experiments to identify in a comprehensive manner cargoes for 12 nuclear transport receptors (NTRs; 10 human Importins and 2 bidirectional Karyopherins). In general, the work is of high quality and carefully analyzed. The results should be of interest to a very broad audience and provide an excellent resource for researchers studying a variety of nuclear processes. However, there are some concerns regarding the data presentation and interpretation that need to be addressed prior to publication.

Required revisions:

1\) Certain aspects of the manuscript are not well presented. This is particularly problematic in the second part of the paper where the authors present a GO term analysis for the various NTRs. These results could simply and more effectively presented in tabular form (including a list of the actual cargoes that fall into each GO term). Then the highlights of this analyses should be mentioned and discussed. Claims of collective activity of individual or a few NTRs in designated cellular processes from this GO term analysis should be avoided in the absence of experimental support.

2\) Lists like the ones shown in [Figure 2](#fig2){ref-type="fig"} and lists of 3rd-Z-4% cargoes for each of the 12 NTRs should be easily accessible in the main or supplemental figures.

3\) Additional supportive information needs to be added to increase the confidence in the presented results. For example, information on the results of halo binding assays is not easily accessible. It was not clearly shown how many of their \"highly reliable\" (3rd-Z-4%) cargoes were tested for direct NTR binding, what fraction of those tested bound the NTRs and which 3rd-Z-4% cargo did not bind directly to its NTR. Also, it is unclear what criteria were applied to select proteins for the bead halo assay.

4\) There is a concern about the \'context\' of cargoes used in the assays. The authors added nuclear extract as the source of cargoes to digitonin-permeabilized cells. This is presumably because nuclear extract is much more enriched than cytoplasmic extract in import cargoes as most ultimately reside in the nucleus. However, many cargoes may assume different \'states\' (binding partners, PTM, etc.) that are quite different from their cytoplasmic states. Nuclear import cargoes are recognized by their NTRs in the cytoplasm, hence in their cytoplasmic states and not in their nuclear states. Some proteins in nuclear extract may respond to different NTRs than they would in their cytoplasmic states. Have the authors attempted to address this? At least this should be discussed as a potential caveat.

5\) How do the authors explain well-established functions of Imp-9 such as import of actin into the nucleus? Imp-9 and Exp-6 (which exports actin) are used routinely to control levels of nuclear actin, but it is curious that the authors did not find actin or actin-binding proteins in their list of potential Imp-9 cargoes.

6\) How does the approach consider endogenous NTRs that are abundant in the nucleoplasm at steady state? Presumably these proteins are still present and able to cycle during the import reaction?

7\) Why are there such high numbers of proteins detected as imported in the absence of recombinant NTRs? Is this due to residual NTRs, either in the nucleus or cytosolic fraction?

8\) Depletion of β-1 from the cytoplasm presumably depletes α. Is this quantified and incorporated into the analysis?

9\) 0.3 to 0.7 μM of NTR was used in the experiment. How was this concentration decided for each NTR? How does this compare to the endogenous concentration of each NTR?

10\) Subsection "SILAC-Tp", end of first paragraph -- How was the nuclear extract prepared after import? The authors only mention that the cells were suspended in nuclear buffer, sonicated and centrifuged.

11\) Based on the SILAC-tp experimental design, a positive Z-score value of a particular protein would mean that the given protein was imported into the heavy-nuclei. A large number of proteins are listed with negative 2nd Z-scores. Does this mean that these proteins were \'exported\' out of the recipient nuclei in the presence of the various NTRs?

12\) [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Sheet: \'Trn-1\' contains three columns of L/H ratios for each identified protein. For some top ranked proteins, (e.g. mitochondrial glutamate dehydrogenase), a large variation between SILAC ratios is observed between the three replicates. For some proteins, no ratios were calculated in some technical replicates. Was this because of low quality LCMS data or due to low abundance of these proteins? For such cases, the authors need to include an extracted ion chromatogram (EIC) of a respective peptide from all replicates to exclude the possibility of SILAC quantification artifacts. (By the way, why is this protein, among other cytoplasmic proteins, present in the nuclear fraction? The authors should comment and edit as necessary).

13\) The authors don\'t specify whether or not they considered 2 or more peptides/protein for a SILAC ratio. Quantification based on a single peptide with sub-optimal signal quality may affect the L/H ratios. A detailed description should be included in the Methods section on the criteria and software used to calculate SILAC ratios.

14\) The statistical language (e.g. definition of statistical parameters and their use to justify designated cargoes) would benefit from better visual support via figures/tables.

15\) In general, the Z-ranking is cumbersome and difficult to interpret. On the whole, the addition of some descriptive statistics would be helpful for the interpretation; however, they are unlikely to significantly change the conclusions.

16\) The cutoffs of 15% (and others) are arbitrary. To determine if the \'reported cargo\' proteins are lumped at one end of the ranked list, the authors could use something like a Kolmogorov-Smirnov (KS) or Mann-Whitney (MW) test.

17\) It should also be possible to estimate the sensitivity and a lower bound on the specificity at different index cutoffs using those receptors with high numbers of reported cargoes (i.e. TRN-1 and 2). The sensitivity at a cutoff will be (\# reported cargoes selected) / (\# reported cargoes selected + \# reported cargoes *not* selected). The specificity is harder to quantify since the \'not carriers\' is not known. However, one could consider all of the \'grey bar\' proteins in [Figure 1](#fig1){ref-type="fig"} as negatives, then one could estimate the upper bound on the number of false positives. An estimated sensitivity and specificity like this would help ground otherwise arbitrary cutoffs (e.g. top 100 proteins) as something interpretable. It would also help explain what it means for a cargo to pass the 2nd-Z-15% and 3rd-Z-4% criteria.

18\) The enrichments of reported cargoes in highly ranked proteins should have a p-Value, for example as calculated from the hypergeometric distribution.

19\) \'To calculate the +NTR/Ctl value, one protein has to be quantified in both the control and +NTR reactions, and we discarded L/H~+NTR~ values that lacked the counterpart L/H~Ctl~ values.\' Wouldn\'t this remove the most interesting hits? That is to say, proteins that can only get into the nucleus through the added receptor?

20\) In the second paragraph of the Introduction, the authors mentioned that NTR binding sites for cargoes have been established for Importins α, β, Trn-1/2 and Trn-SR. They missed the Imp-5 and its homologous Kap121p systems, where the Matsuura group very nicely elucidated the binding site for IK-NLSs found in Imp5/Kap121p cargoes.

21\) In the second paragraph of the Introduction, the last part of the sentence \"...the PY-NLS motif has been defined, although the motif is not an absolute determinant of transport (Soniat and Chook, 2015).\" is a bit confusing. Do the authors mean that presence of a PY-NLS does not necessarily determine transport, or do they mean that there are other motifs that may direct Trn-1/2 mediated transport?

10.7554/eLife.21184.035

Author response

Required revisions:

1\) Certain aspects of the manuscript are not well presented. This is particularly problematic in the second part of the paper where the authors present a GO term analysis for the various NTRs. These results could simply and more effectively presented in tabular form (including a list of the actual cargoes that fall into each GO term). Then the highlights of this analyses should be mentioned and discussed. Claims of collective activity of individual or a few NTRs in designated cellular processes from this GO term analysis should be avoided in the absence of experimental support.

We added lists of the 3rd-Z-4% cargoes ([Figure 3](#fig3){ref-type="fig"}) and the 2nd-Z-15% cargoes ([Supplementary file 3](#SD4-data){ref-type="supplementary-material"}) in the revised manuscript. We also added tabular diagrams that show the correspondences between the cargoes and GO terms (3rd-Z-4% cargoes, [Supplementary file 9](#SD10-data){ref-type="supplementary-material"}; 2nd-Z-15% cargoes, [Supplementary file 10](#SD11-data){ref-type="supplementary-material"}). We deleted two sentences that claim specific biological functions of NTRs: "Thus, Imp-13 may regulate gene-specific transcription." and "Thus, the Imp-13 pathway is related to protein SUMOylation." Also, we rewrote other sentences claiming NTR functions in cellular processes (subsections "Imp-β cargoes", "Trn-SR cargoes", first paragraph and "Exp-4 cargoes"), and now only the functions annotated to the cargoes are described. Additionally, we inserted the sentences "Biological functions linked to NTRs by the natures of their cargoes need to be verified by further experiments." (subsection "Characterizations of the cargoes of individual NTRs") and "The biological functions of NTRs designated in this work should be further clarified in future experiments" (subsection \"Additional remarks\"). In other parts we only state the direct results of database search, such as that an NTR is linked to a term of biological process by its cargoes.

2\) Lists like the ones shown in [Figure 2](#fig2){ref-type="fig"} and lists of 3rd-Z-4% cargoes for each of the 12 NTRs should be easily accessible in the main or supplemental figures.

We added [Figure 3](#fig3){ref-type="fig"} and [Supplementary file 3](#SD4-data){ref-type="supplementary-material"} (see the reply to point 1). These figures present the 3rd-Z-4% ([Figure 3](#fig3){ref-type="fig"}) and 2nd-Z-15% ([Supplementary file 3](#SD4-data){ref-type="supplementary-material"}) cargoes of the 12 NTRs and the relations between their 2nd- and 3rd-Z-ranks.

3\) Additional supportive information needs to be added to increase the confidence in the presented results. For example, information on the results of halo binding assays is not easily accessible. It was not clearly shown how many of their \"highly reliable\" (3rd-Z-4%) cargoes were tested for direct NTR binding, what fraction of those tested bound the NTRs and which 3rd-Z-4% cargo did not bind directly to its NTR. Also, it is unclear what criteria were applied to select proteins for the bead halo assay.

We added summary tables in [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}. These tables present the results of the bead halo assays in both the 2nd- and 3rd-Z-rank order, and the 2nd-Z-15% and 3rd-Z-4% cargoes are marked. We also indicated the results of the bead halo assays (the proteins that did not bind to their NTRs as well as those bound) in [Figures 1A](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}, [Figure 2---figure supplements 2](#fig2s2){ref-type="fig"} and [3B](#fig2s3){ref-type="fig"}, and [Supplementary files 3](#SD4-data){ref-type="supplementary-material"}, [9,](#SD10-data){ref-type="supplementary-material"} and [10](#SD11-data){ref-type="supplementary-material"} (cargoes that did and did not bind directly to their NTRs are indicated in blue or dark gray, respectively). We added descriptions about the protein selection for bead halo assay (subsection "SILAC-Tp effectively identifies cargoes", fifth paragraph and in [Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). As described in those parts, we principally selected well-characterized proteins that have not been reported as cargoes from (i) proteins ranked high (3rd-Z-4% or 2nd-Z-15% cargoes), around presumptive cutoffs (within about top 15%--25% in the 2nd-Z-ranking), or lower and (ii) highly ranked proteins that are suspected as indirect cargoes or false positives based on their well-known features; S100 proteins, Rab family proteins, EF1α, etc. Because we selected candidate cargoes to test in this manner, the confirmation rate of the bead halo assays is expected to be substantially lower than it would be for randomly selected cargo candidates.

4\) There is a concern about the \'context\' of cargoes used in the assays. The authors added nuclear extract as the source of cargoes to digitonin-permeabilized cells. This is presumably because nuclear extract is much more enriched than cytoplasmic extract in import cargoes as most ultimately reside in the nucleus. However, many cargoes may assume different \'states\' (binding partners, PTM, etc.) that are quite different from their cytoplasmic states. Nuclear import cargoes are recognized by their NTRs in the cytoplasm, hence in their cytoplasmic states and not in their nuclear states. Some proteins in nuclear extract may respond to different NTRs than they would in their cytoplasmic states. Have the authors attempted to address this? At least this should be discussed as a potential caveat.

We added the following sentence in the last part of the Results and discussion; "We used HeLa nuclear extract as the cargo source, but it might not reconstitute all NTR--cargo interactions precisely because proteins in the nuclear extract might have different modifications or binding partners from those in cytoplasm where NTRs bind to cargoes in vivo".

5\) How do the authors explain well-established functions of Imp-9 such as import of actin into the nucleus? Imp-9 and Exp-6 (which exports actin) are used routinely to control levels of nuclear actin, but it is curious that the authors did not find actin or actin-binding proteins in their list of potential Imp-9 cargoes.

As a general shortcoming of our results, some reported cargoes including actin as an Imp-9 cargo were ranked lower. We added possible explanations for it in the last part of the Results and discussion. One possible explanation is that the protein context noted by the reviewer in point 4 is different between our transport system and the actual state in vivo. Alternatively, the transport capacity of our in vitro transport system might not be enough to identify all the cargoes, and especially cargoes that bind weakly to the NTR may be competed out by those bind strongly.

6\) How does the approach consider endogenous NTRs that are abundant in the nucleoplasm at steady state? Presumably these proteins are still present and able to cycle during the import reaction?

As mentioned in the Materials and methods, the permeabilized cells were incubated (pretreated) with Ran and ATP regeneration system before the transport reaction (subsection "SILAC-Tp", first paragraph), and this pretreatment removed NTRs endogenous to the permeabilized cell nuclei as revealed by Western-blotting (see [Author response image 1](#fig9){ref-type="fig"}). The removing efficiency was not so high as compared with the depletion of NTRs from nuclear and cytoplasmic extracts by phenyl-Sepharose ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). However, the residual NTRs in the permeabilized cell nuclei must be negligible. They must once move out of the nuclei to cycle the import reaction, and they will be diluted extensively in the transport mixture outside the nuclei. We applied as much as 0.25 mL of transport mixture to only 3.5 × 10^5^ permeabilized cells in one reaction, and this mixture contained the cytosolic and nuclear extracts prepared from more than hundred times as many cells. Thus, the effect of the residual NTRs in the permeabilized cells must be negligible, if any, because of the extensive dilution.10.7554/eLife.21184.029Author response image 1.NTRs in the nuclei of permeabilized cells (Western).**DOI:** [http://dx.doi.org/10.7554/eLife.21184.029](10.7554/eLife.21184.029)

More importantly, proteins transported by the residual NTRs must not be ranked higher in our system. The residual NTRs transport proteins at the same levels, if any, in the control and +NTR reactions, or the transport by the residual NTRs in the +NTR reaction might be repressed by the competition with the recombinant NTR. We calculated the index value as the ratio of the L/H values in the presence and absence of a recombinant NTR, i.e., (L/H~+NTR~)/(L/H~Ctl~), and thus the (L/H~+NTR~)/(L/H~Ctl~) value is not raised by the residual NTRs (see also the reply to point 7). For a few proteins, a hetero-dimer of NTRs is reported to act as an import receptor, and in such cases also the import must depend on the recombinant NTR added, even if it forms a dimer with a residual NTR.

7\) Why are there such high numbers of proteins detected as imported in the absence of recombinant NTRs? Is this due to residual NTRs, either in the nucleus or cytosolic fraction?

Those must include (i) proteins that migrated into the nuclei by diffusion \[small proteins (\<50 kDa) permeate through the nuclear pores\] independently of NTRs, (ii) proteins that were imported by the residual NTRs (if not negligible; see the reply to point 6), and (iii) proteins nonspecifically bound to the nuclear envelope or cytoplasmic structures. However, light proteins contained more in the +NTR sample than in the Ctl sample are imported proteins, and other proteins including (i-iii) should be detected at the same level in the Ctl and +NTR samples. We have addressed this point in our previous paper (Kimura et al., Mol. Cell. Proteomics 12, 145-157, 2013; Supplemental Data Figure S2). In the experiment presented there, we labeled total proteins in the nuclear extract by biotin and added the biotin-labeled extract to the in vitro transport system. The labeled proteins were visualized with Cy3-streptavidin in microscopy, or after protein extraction and SDS-PAGE, visualized with HRP-avidin in membrane-blotting. Consistent with the present result of SILAC-Tp, the microscopic observation indicated that some proteins migrated into the nuclei and others bound nonspecifically to the nuclear envelopes or cytoplasmic structures in the absence of recombinant NTRs. The membrane-blotting indicated that the labeled proteins detected in the Ctl sample (without a recombinant NTR) did not increase in the +NTR sample, and these are the proteins (i-iii) mentioned above. Concomitantly, in the membrane-blotting, many proteins that were not detected in the Ctl sample were detected in the +NTR sample. Meanwhile, the microscopic observation clearly indicated that more proteins were imported into the nuclei in the presence of a recombinant NTR. Thus, the proteins that increased in the +NTR sample were imported proteins and we use the ratio of +NTR/Ctl=(L/H~+NTR~)/(L/H~Ctl~) for the index.

In some actual cases, however, the overall level of the proteins (i-iii) differs between the Ctl and +NTR reactions, and thus the overall (L/H~+NTR~)/(L/H~Ctl~) values also vary among the three replicates ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}). Therefore, we used Z-score for the normalization.

In our experimental system, the type (iii) proteins were reduced effectively. After a transport reaction, we washed the permeabilized cells by cytosolic extract with ATP and NaCl-transport buffer successively (subsection "SILAC-Tp", first paragraph). As shown in Supplemental Data Figure S3 in Kimura et al., Mol. Cell. Proteomics 12, 145-157, 2013, the type (iii) proteins were removed effectively by the washing. However, the extract inevitably contains traces of type (iii) proteins that were not removed.

8\) Depletion of β-1 from the cytoplasm presumably depletes α. Is this quantified and incorporated into the analysis?

We depleted the cytoplasmic and nuclear extracts of NTRs by four rounds of phenyl-Sepharose treatments. We have analyzed the levels of Imp-α1 in the cytosolic extract before and after one and four rounds of depletion by Western-blotting (see [Author response image 2](#fig10){ref-type="fig"}; the total protein concentrations and the loaded volumes are indicated). About half of Imp-α1 was still present in the extract after four rounds of depletion. In this work we added 0.7 μM of Imp-β, which is optimum for the Imp-β direct cargo RPL23 ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). The optimum concentrations for Imp-α dependent recombinant cargoes are 2 and 1 μM for Imp-α and Imp-β, respectively, and we have applied these concentrations in Kimura et al., J. Biol. Chem. 288, 24540-24549, 2013. Although we did not add recombinant Imp-α in this work, many Imp-α dependent as well as Imp-β direct cargoes were actually identified as verified by the bead halo assays ([Supplementary file 2](#SD3-data){ref-type="supplementary-material"}). Thus, the Imp-β cargoes identified in this work fully represent cargoes that Imp-β imports in the presence of Imp-α.10.7554/eLife.21184.030Author response image 2.Imp-α1 in depleted cytosolic extract (Western).**DOI:** [http://dx.doi.org/10.7554/eLife.21184.030](10.7554/eLife.21184.030)

9\) 0.3 to 0.7 μM of NTR was used in the experiment. How was this concentration decided for each NTR? How does this compare to the endogenous concentration of each NTR?

We determined the optimum concentration of each NTR using the GFP-fusion proteins of reported cargoes shown in [Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}. The figure supplement shows that the reported cargoes are imported effectively by each specific NTR. We added the description about it in the Materials and methods (subsection "SILAC-Tp", first paragraph). In our previous paper (Kimura et al., Mol. Cell. Proteomics 12, 145-157, 2013), we have confirmed that proteins in the nuclear extract are also effectively imported by the optimum NTR concentrations determined for the recombinant cargoes, using the biotin-labeled nuclear extract in the same experimental system as described in the reply to point 7.

At this moment, we do not know the in vivo concentrations of the NTRs. In our estimation, however, the concentrations of the recombinant NTRs that we used are not much different from those in our total (undepleted) cytosolic extract, which is competent to transport without additional NTRs. In [Author response image 3](#fig11){ref-type="fig"} (the total protein concentrations and volumes of the loaded extracts are indicated), the levels of NTRs in the cytosolic extracts are compared with each recombinant NTR by Western-blotting. 0.3--0.7 μM of NTR (97--130 kDa) corresponds to 110--350 and 55--170 ng in 3.8 and 1.9 μL of the cytosolic extract, respectively.10.7554/eLife.21184.031Author response image 3.NTR concentrations in total and depleted cytosolic extracts (Western).(Left panel) Reproduced from Kimura et al., 2013, Mol. Cell. Proteomics 12:145-157.**DOI:** [http://dx.doi.org/10.7554/eLife.21184.031](10.7554/eLife.21184.031)

10\) Subsection "SILAC-Tp", end of first paragraph -- How was the nuclear extract prepared after import? The authors only mention that the cells were suspended in nuclear buffer, sonicated and centrifuged.

As we described in the reply to point 7, after the transport reaction we washed the permeabilized cells by depleted cytosolic extract with ATP and NaCl-transport buffer successively to remove the nonspecifically binding proteins. At this point, the permeabilized cells lost most of the cell membranes and cytosols. Then, we just suspended the cells in the nuclear buffer, and sonicated and centrifuged. The nuclear buffer used here is the same buffer as we used for the preparation of the nuclear extract that was added in the transport reaction, and we did not use denaturant or detergent for the protein extraction. Since the cargo source was the nuclear extract, we needed to quantify the same proteins that are soluble in the same buffer. This buffer selection served to increase the preferable proteins to be quantified in the LC-MS samples by discarding proteins insoluble in this buffer. However, the total protein species in the nuclear extract and those in the final samples may be different. As the reviewer is concerned, the final sample still contains many non-nuclear proteins, but as we described in the reply to point 7, the levels of the nonspecifically binding and non-nuclear proteins should be all the same between the Ctl and +NTR samples, whereas the imported proteins should be contained more in the +NTR samples than the Ctl samples.

As we noted in the reply to point 7, however, the overall level of nonspecifically binding proteins sometimes differs between the Ctl and +NTR samples in the actual cases, and consequently the overall (L/H~+NTR~)/(L/H~Ctl~) values also vary among the three replicates ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}). We normalized this deviation among the replicates using Z-score.

11\) Based on the SILAC-tp experimental design, a positive Z-score value of a particular protein would mean that the given protein was imported into the heavy-nuclei. A large number of proteins are listed with negative 2nd Z-scores. Does this mean that these proteins were \'exported\' out of the recipient nuclei in the presence of the various NTRs?

At the start point of a transport reaction, the heavy proteins reside in the nuclei and light proteins are out of the nuclei. If one protein is exported in one direction, the heavy molecules in the nuclei is decreased and the (L/H~+NTR~)/(L/H~Ctl~) value rises. Thus, export cargoes may also exhibit high Z-scores. We found one such example, a well-characterized export cargo eIF1A, in the Imp-13 2nd-Z-15% cargoes (ranked 84th and 164th by the 2nd and 3rd Z-score, respectively). We do not generalize this observation because we have only one example. All the highly-ranked proteins that bound to Imp-13 in the bead halo assays dissociated in the presence of RanGTP, and therefore most of the identified Imp-13 cargoes are import cargoes. We discussed these in the Results and discussion (subsection "Imp-13 cargoes", last paragraph). We also added a statement on the similar possibility for another bi-directional NTR Exp-4 in the Results and discussion (subsection "Exp-4 cargoes").

We explained the definition and interpretation of Z-score in the reply to point 15. If the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] of a protein equals to the mean of it in the replicate, the Z-score of the protein is 0. If the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] values are higher or lower than the mean, the Z-scores are positive or negative, respectively. Thus, a negative Z-score does not mean that the L/H~+NTR~ is lower than the L/H~Ctl~. (Even if all the proteins are imported, the Z-scores of the proteins imported less than the mean level are negative.)

12\) [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, Sheet: \'Trn-1\' contains three columns of L/H ratios for each identified protein. For some top ranked proteins, (e.g. mitochondrial glutamate dehydrogenase), a large variation between SILAC ratios is observed between the three replicates. For some proteins, no ratios were calculated in some technical replicates. Was this because of low quality LCMS data or due to low abundance of these proteins? For such cases, the authors need to include an extracted ion chromatogram (EIC) of a respective peptide from all replicates to exclude the possibility of SILAC quantification artifacts. (By the way, why is this protein, among other cytoplasmic proteins, present in the nuclear fraction? The authors should comment and edit as necessary).

The 3rd-Z-4% cargoes have relatively stable Z-scores or L/H ratios in the three replicates because of the selection method, but as the reviewer pointed, some of the 2nd-Z-15% cargoes have deviated Z-scores or L/H ratios and some of them have only two Z-scores. This is because they are selected by the 2nd Z-scores from proteins that have two or three Z-scores, and therefore a protein with the 3rd Z-score deviating downward can be selected as a cargo if the 2nd Z-score is high as described (subsection "SILAC-Tp effectively identifies cargoes", second paragraph). The causes of these deviations can be either low quality LC-MS/MS data and/or low L/H counts (low numbers of quantified peptides) of low-abundance proteins. We added a statement on this deviation in the Results and discussion (subsection "SILAC-Tp effectively identifies cargoes", end of seventh paragraph). As an example of such proteins, we presented EICs of all the identified peptides of mitochondrial glutamate dehydrogenase (GLUD1; the example pointed by the reviewer) from all the three replicates with Trn-1 in [Supplementary file 4](#SD5-data){ref-type="supplementary-material"}. In the legend of [Supplementary file 4](#SD5-data){ref-type="supplementary-material"}, we discussed about the qualities of EICs and the effect of them on the quantitation values of proteins with low L/H counts.

All the EICs can be accessed by downloading the mass spectrometry data from ProteomeXchange database (<http://www.proteomexchange.org/>), and opening them by Proteome Discoverer software. A free demo version of Proteome Discoverer can be downloaded at the Thermo Scientific omics software portal site (<https://portal.thermo-brims.com/>). We have renamed the raw data files in the ProteomeXchange and now EICs of interest can be accessed more easily. We also added [Supplementary file 12](#SD13-data){ref-type="supplementary-material"}, in which the correspondences between the experiments summarized in [Supplementary file 1](#SD2-data){ref-type="supplementary-material"} and the data files in ProteomeXchange are tabulated. The dataset identifier of ProteomeXchange is PXD004655, which the reviewers can access using the reviewer account. The data will be made publicly available upon publication of this paper.

Some mitochondrial proteins other than GLUD1 were also highly ranked for other NTRs. We have stated the possible reason why these proteins are identified as highly ranked cargoes in the Results and discussion (subsection "Seemingly non-nuclear proteins", first paragraph), and now we added more explanation below it. In short, some proteins localize both in the mitochondria and the nuclei, or alternatively mitochondrial proteins could interact with NTRs in the in vitro transport system if it is fortuitous, and a highly sensitive LC-MS/MS system can quantify it.

13\) The authors don\'t specify whether or not they considered 2 or more peptides/protein for a SILAC ratio. Quantification based on a single peptide with sub-optimal signal quality may affect the L/H ratios. A detailed description should be included in the Methods section on the criteria and software used to calculate SILAC ratios.

We accepted proteins quantified by a single peptide and added the statement in the Materials and methods (subsection "Protein identification and quantitation", end of first paragraph). We also added the software name (Proteome Discoverer) and the parameters (default) used for the SILAC L/H ratio calculation in the Materials and methods (in the aforementioned paragraph). The L/H count of each quantified protein in each experiment is presented in [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}. The EIC of each quantified peptide and MS spectra can be accessed as mentioned in the reply to point 12. Our method ensures a certain reliability if it includes quantitation by a single peptide, because we replicated it three times.

14\) The statistical language (e.g. definition of statistical parameters and their use to justify designated cargoes) would benefit from better visual support via figures/tables.

Our responses to points 15, 16, and 17 also relate to this point. We added the definition of Z-score in the Materials and methods (subsection "Protein identification and quantitation", last paragraph), the legend for [Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}, and [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}, and the statistical values used for the calculation of Z-scores, i.e., the means and standard deviations, were also added in the legend sheet of [Supplementary file 1](#SD2-data){ref-type="supplementary-material"} (see the reply to point 15). We also calculated the reported cargo rates (precision), recall (sensitivities), and Fisher's exact test p-values in 1% rank increments of cutoffs for the Trn-1 2nd- and 3rd-Z-rankings ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"} and [Figure 1](#fig1){ref-type="fig"}---source data file 1), and we described their definitions and assumptions in the Result and discussion (subsections "SILAC-Tp effectively identifies cargoes", third paragraph and "Cargo selection with higher specificity", first paragraph) and the Materials and methods (subsection "Reported cargo rate and recall") (see the reply to points 16 and 17).

15\) In general, the Z-ranking is cumbersome and difficult to interpret. On the whole, the addition of some descriptive statistics would be helpful for the interpretation; however, they are unlikely to significantly change the conclusions.

We have tried some other methods that do not use Z-scores, but as the reviewer's anticipation the conclusions are not significantly changed. We concluded that ranking by Z-scores is appropriate for data processing in this work. We added the definition of Z-score in the Materials and methods (subsection "Protein identification and quantitation", last paragraph), the legend for [Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}, and [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}. We also added the descriptive statistic values used for the Z-score calculation, the mean and standard deviation of the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] values in each experiment, in the legend sheet of [Supplementary file 1](#SD2-data){ref-type="supplementary-material"}.

In this work, the +NTR/Ctl=(L/H~+NTR~)/(L/H~Ctl~) value is the primary index for nuclear import. As this value deviates spanning several orders of magnitude, we took the logarithm of the value. As the result, the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] values distributed symmetrically ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}), but the median and width of the distribution varied depending on the experiment. Thus, we normalized it using one of the simplest deviation values, Z-score ([Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}). Defined as Z=(X-μ)/σ, where X is the value of the element, μ is the population mean, and σ is the standard deviation. The assumption is simple: the mean and the standard deviation should be same among the populations (among the three replicates). A simple interpretation is: if Z=0 for a protein, then the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] value of the protein equals to the mean; if Z=+1 then the log~2~\[(L/H~+NTR~)/(L/H~Ctl~)\] value is deviated upward by 1 × σ; if Z=+2, the value is deviated 2 × σ; and if Z=-1, the value is deviated downward by 1 × σ.

16\) The cutoffs of 15% (and others) are arbitrary. To determine if the \'reported cargo\' proteins are lumped at one end of the ranked list, the authors could use something like a Kolmogorov-Smirnov (KS) or Mann-Whitney (MW) test.

We calculated Fisher's exact test p-value, which is also commonly used. We calculated the p-values in 1% rank increments for the Trn-1 2nd- and 3rd-Z-rankings, and presented them with reported cargo rates (precision) and recall (sensitivity) (see the reply to point 17) as tables in [Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}. We also added the description about it in the Results and discussion (subsections "SILAC-Tp effectively identifies cargoes", third paragraph and "Cargo selection with higher specificity", first paragraph).

In addition to the distribution of reported cargoes, the 2nd-Z-15% and 3rd-Z-4% cutoffs are based on the distribution of PY-NLS motif-containing proteins in the Trn-1 2nd- and 3rd-Z-rankings ([Figure 1B](#fig1){ref-type="fig"}).

17\) It should also be possible to estimate the sensitivity and a lower bound on the specificity at different index cutoffs using those receptors with high numbers of reported cargoes (i.e. TRN-1 and 2). The sensitivity at a cutoff will be (\# reported cargoes selected) / (\# reported cargoes selected + \# reported cargoes not selected). The specificity is harder to quantify since the \'not carriers\' is not known. However, one could consider all of the \'grey bar\' proteins in [Figure 1](#fig1){ref-type="fig"} as negatives, then one could estimate the upper bound on the number of false positives. An estimated sensitivity and specificity like this would help ground otherwise arbitrary cutoffs (e.g. top 100 proteins) as something interpretable. It would also help explain what it means for a cargo to pass the 2nd-Z-15% and 3rd-Z-4% criteria.

Here we use a term, reported cargo rate (precision), because the definition of specificity is difficult in this work as the reviewer pointed out. We calculated the reported cargo rate (precision) and recall (sensitivity) for the Trn-1 2nd- and 3rd-Z-rankings in 1% rank increments and presented them as graphs and tables in [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"} and [Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}.

Reported cargo rate(*i*)=*p(i)/\[p(i*)+*n(i*)\]

Recall (*i*)=*p(i)/P*

where *p(i*) denotes the number of reported cargoes and *n(i*) denotes the number of negative examples in the top i%; while *P* denotes the total number of reported cargoes. Since we do not know true non-cargo proteins as the reviewer noted, we calculated the reported cargo rates under two types of assumptions: (i) all proteins that have not been reported as cargoes should be regarded as non-cargo proteins, and (ii) only proteins annotated with non-nuclear localizations in UniProt (with experimental evidence) should be treated as non-cargo proteins. As the reviewer's comment, in the case of (i) the reported cargo rate is the lower bound on the rate of true positives. We presented them in 1% rank increments of cutoffs for the top 1--20% rank orders. It will help to interpret the cutoffs that we employed here, and readers may select other cutoffs for their purpose. The Trn-1 2nd-Z-15% cutoff has the recall of 0.741, and the 3rd-Z-4% cutoff has the reported cargo rate of 0.85 under the assumption (ii). We added descriptions about these in the Results and discussion (subsections "SILAC-Tp effectively identifies cargoes", third paragraph and "Cargo selection with higher specificity", first paragraph) and the Material and methods (subsection "Reported cargo rate and recall").

18\) The enrichments of reported cargoes in highly ranked proteins should have a p-Value, for example as calculated from the hypergeometric distribution.

We inserted p-values by Fisher's exact test at 11 places (Results and discussion).

19\) \'To calculate the +NTR/Ctl value, one protein has to be quantified in both the control and +NTR reactions, and we discarded L/H~+NTR~ values that lacked the counterpart L/H~Ctl~ values.\' Wouldn\'t this remove the most interesting hits? That is to say, proteins that can only get into the nucleus through the added receptor?

In our data set, such proteins are much fewer than expected and their quantitation values are less reliable. In our experimental system, the absolute quantities of a heavy (H) protein in the Ctl and +NTR samples should ideally be same, and those of the corresponding light (L) protein reflect the transport efficiency. Thus, a protein that has the L/H~+NTR~ value but lacks the L/H~Ctl~ value is a candidate cargo if the H~Ctl~ is quantified and the L/H~Ctl~ value is missing owing to the absence or zero quantity of L~Ctl~, as the reviewer pointed. However, we have discarded such proteins. We now recalculated the L/H ratios with the "replace missing quan values with minimum intensity" option by the Proteome Discoverer software (the results were not added in the manuscript as follows). By this option, missing quantitation values of either L or H peptide (not protein) are replaced with the minimum value quantified in the same LC-MS/MS analysis, and the presumably lowest L/H~Ctl~ values are given to the peptides lacking the L~Ctl~ but having the H~Ctl~ values. If a protein that was assigned with no Z-score in the previous calculation gets two or three Z-scores under this option, or if a protein with one Z-score gets one or two additional Z-scores, the protein will be included in the 2nd-Z-ranking. However, such proteins were unexpectedly rare, and the numbers of proteins added by this option to each of the 2nd-Z-rankings (totaling 1639 to 2060 proteins for each NTR, including both proteins selected and not selected as the 2nd-Z-15% cargoes) were ≤7. Among such proteins only seven listed below were ranked in the top 15%. (Many proteins changed their ranks slightly under this option.) Naturally, the L/H counts (the numbers of quantified peptides) of these proteins in one experiment were low (≤3). Because the quantitation values with this option are less reliable than those obtained without it, we just listed those proteins here and will not add them to the main lists. For the 3rd-Z-rankings, a few proteins that previously had two or less Z-scores got 3rd Z-scores under this option, but none of them were ranked in the top 4%. Some other proteins lack the L/H~Ctl~ ratios presumably because they lack the H~Ctl~ values, and for such proteins we have no reason to estimate that the missing L/H~Ctl~ ratios are lower than the L/H~+NTR~ ratios. Another point is that low protein abundance is not the sole reason for missing quantitation values.

NTRRankAccessionGene NameDescriptionTrn-SR1Q9H583HEATR1HEAT repeat-containing protein 1Imp-41P11177PDHBPyruvate dehydrogenase E1 component subunit β, mitochondriaImp-729P08574CYC1Cytochrome c1, heme protein, mitochondrialImp-830P08574CYC1Cytochrome c1, heme protein, mitochondrialImp-833Q92621NUP205Nuclear pore complex protein Nup205Imp-944Q14974KPNB1Importin subunit β-1Exp-47Q02218OGDH2-oxoglutarate dehydrogenase, mitochondrial

20\) In the second paragraph of the Introduction, the authors mentioned that NTR binding sites for cargoes have been established for Importins α, β, Trn-1/2 and Trn-SR. They missed the Imp-5 and its homologous Kap121p systems, where the Matsuura group very nicely elucidated the binding site for IK-NLSs found in Imp5/Kap121p cargoes.

We added a mention on the Lys-rich NLS (IK-NLS) for Kap121p and cited Kobayashi and Matsuura 2013 and Kobayashi et al., 2015 in the Introduction (second paragraph).

21\) In the second paragraph of the Introduction, the last part of the sentence \"...the PY-NLS motif has been defined, although the motif is not an absolute determinant of transport (Soniat and Chook, 2015).\" is a bit confusing. Do the authors mean that presence of a PY-NLS does not necessarily determine transport, or do they mean that there are other motifs that may direct Trn-1/2 mediated transport?

We modified the description as "in some cases the motif is difficult to recognize because of sequence diversity and structural disorder is another requisite", and cited Soniat and Chook 2016 also in the Introduction (second paragraph).
